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SEM  Scanning electron microscope 
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1  Abstract 
1.1 English 
 
Introduction: Nowadays, various artificial dental materials are applied for oral rehabilitation 
with high rates of success. However, there is still the risk of bacterial colonization, which can 
affect their clinical performance and lead to failures. Recent reports have shown that 
hydroxyapatite particles (HAP) may have preventive properties against bacterial adhesion. 
Objectives: This in situ study aims to investigate the effect of different sizes and shapes of 
HAP on the acquired pellicle and on the biofilm formed on enamel, titanium (Ti), ceramic, and 
polymethyl methacrylate (PMMA).  
Material and Methods: This study was performed according to three different protocols. In 
all of them, the volunteers carried an upper jaw splint with attached samples. Three minutes 
after the splint placement, the volunteers rinsed with 10 ml of the selected solution for 30 
seconds. The tested solutions included three 5% HAP watery solutions, as well as chlorhexidine 
(CHX) and water, as controls. The HAP solutions were prepared from three powders containing 
nanoparticles with different shapes and medium sizes: HAP I (needle, 40 nm), HAP II (needle, 
100 nm), HAP III (spherical, 200 nm).  
In Protocol 1, two volunteers used the selected rinsing solution after 3 min of pellicle formation. 
Scanning Electron Microscopy (SEM) was used to evaluate the samples immediately after 
rinsing, 30 min and 2 h after rinsing to assess the capacity of HAP particles to adhere to the 
pellicle formed on enamel, Ti, ceramic, and PMMA. Protocol 1 also evaluated the influence of 
the size and shape of the different HAP particles on their adhesion to the pellicle’ surface.  
In Protocol 2, the splints remained in the oral cavity for 24 h after pellicle formation and the 
five volunteers made the rinsing at two different time points. The first rinsing was performed 
after 3 min of pellicle formation and a second rinsing after a 12 h interval. Protocol 2 evaluated 
the effects of three different HAP solutions on the biofilm formed on the applied materials.  
Protocol 3 evaluated the effects of HAP II on the biofilm adhesion on polished and non-polished 
titanium discs. The objective was to access the influence of Ti surface topography. The five 
volunteers rinsed at 4-time points on a 48-h interval. The first rinsing was performed after 3 
min of pellicle formation, and three followings rinsing were made each 12 h.  
The biofilm coverage and viability in protocols 2 and 3 were assessed by SEM, Fluorescence 
Microscope (FM) and Transmission Electron Microscope (TEM). 
Results: In Protocol 1, descriptive results showed that HAP might interact with the salivary 
proteins from acquired pellicle despite the particles’ size or shape or the material applied. 
Protocols 2 and 3 presented similar results: the three HAP solutions did not alter the bacterial 
viability, but successfully reduced the biofilm adhered to all surfaces tested on protocol 2 and 




influence on its anti-adhesive effects on enamel, titanium, ceramics, or PMMA. Additionally, 
protocol 3 indicated that the Ti surface topography influences biofilm adhesion and 
accumulation. SEM figures also suggest that HAP may interact with the oral bacteria from the 
biofilm. 
Conclusions: The anti-adhesive effect of the bioinspired HAP solutions yielded a significant 
impact on the in situ oral biofilm formation on polished enamel, titanium, ceramics, and PMMA 





























1.2 Deutsche Zusammenfassung  
Effect von Hydroxylapatit basierten Mundspülungen auf  die orale Biofilmbildung in situ 
 
Einleitung: Heutzutage werden verschiedene künstliche Zahnmaterialien mit hohen 
Erfolgsraten für orale Rehabilitationsbehandlungen eingesetzt. Es besteht jedoch weiterhin das 
Risiko einer Besiedlung mit Bakterien, die deren klinische Erfolg beeinträchtigen und zum 
Versagen führen können. Jüngste Berichte haben gezeigt, dass Hydroxylapatit-Partikel (HAP) 
präventive Eigenschaften gegen die Anhaftung von Bakterien haben können. 
Zielsetzung: Ziel dieser in situ-Studie ist es, die Auswirkung unterschiedlicher Größen und 
Formen von HAP auf die erworbene Pellikel und den auf Zahnschmelz, Titan (Ti), Keramik 
und Polymethylmethacrylat (PMMA) gebildeten Biofilm zu untersuchen. 
Material und Methoden: In dieser Studie wurden drei verschiedene Protokolle durchgeführt. 
Bei allen versuchen trugen die Probanden eine mit Proben bestückte Oberkieferschiene. Drei 
Minuten nach der Platzierung der Schiene spülten die Probanden 30 Sekunden lang mit 10 ml 
der ausgewählten Lösung. Die getesteten Lösungen waren drei wässrige, 5%ige HAP-
Lösungen sowie Chlorhexidin (CHX) und Wasser als Kontrollen. Die drei HAP-Lösungen 
wurden aus unterschiedlichen Pulvern hergestellt, welche Nanopartikel mit unterschiedlichen 
Formen und mittleren Größen enthielten: HAP I (nadelförmig, 40 nm), HAP II (nadelförmig, 
100 nm), HAP III (sphärisch, 200 nm). 
Gemäß Protokoll 1 verwendeten zwei Probanden die ausgewählte Spüllösung nach 3 Minuten 
Pellikelbildung. Die Analyse der Proben erfolgte mittels Rasterelektronenmikroskopie (REM) 
unmittelbar nach dem Spülen sowie 30 Minuten und 2 Stunden nach dem Spülen, um die 
Fähigkeit von HAP-Partikeln an die auf Zahnschmelz, Ti, Keramik und PMMA gebildete 
Pellikel anzuhaften. Protokoll 1 bewertete auch den Einfluss der Größe und Form der HAP-
partikel auf das Adhärenzverhalten au des Pellikeloberfläche. 
Gemäß Protokoll 2 blieben die Oberkieferschienen nach der Pellikelbildung für 24 Stunden in 
der Mundhöhle, und die 5 Probanden führten die Spülungen zu zwei verschiedenen Zeitpunkten 
durch. Die erste Spülung erfolgte nach 3 Minuten Pellikelbildung und eine zweite Spülung nach 
12 Stunden. Protokoll 2 bewertete die Auswirkungen dreier verschiedener HAP-Lösungen auf 
dem Biofilm, der auf den untersuchten Materialien innerhalb von 24 h gebildet wurde. 
Protokoll 3 bewertete die Auswirkungen von HAP II auf die Biofilmhaftung an polierten und 
nicht polierten Titanscheiben. Ziel war es, den Einfluss der Ti-Oberflächentopographie zu 
erfassen. Die 5 Probanden spülten zu vier Zeitpunkten im Zeitraum von 48 Stunden. Die erste 
Spülung wurde erfolgter 3 Minuten nach der Pellikelbildung durchgeführt und die drei 
nachfolgenden Spülungen wurden alle 12 Stunden.  
In den Protokollen 2 und 3 wurde die Biofilmbedeckung und Vitalität mittels REM, 
Fluoreszenzmikroskopie (FM) und Transmissionselektronenmikroskopie (TEM) analysiert. 
Ergebnisse: Die Ergebnisse aus Protokoll 1 zeigen, dass HAP unabhängig von der Größe oder 
Form der Partikel mit den Speichelproteinen der Pellikel interagieren kann. Protokoll 2 und 3 




reduzierten jedoch erfolgreich den Biofilm, der auf allen nach Protokoll 2 getesteten 
Oberflächen und auch auf den polierten Titanoberflächen nach Protokoll 3 haftete. Die Größe 
und Form des HAP Partikel hatte keinen signifikanten Einfluss auf die Antihaftwirkung auf 
Zahnschmelz, Titan, Keramik oder PMMA. Zusätzlich zeigt Protokoll 3, dass die Ti-
Oberflächentopographie die Biofilmadhäsion und -akkumulation beeinflusst. Die REM-
Analysen zeigen außerdem, dass HAP mit den Bakterien des Biofilms interagieren kann. 
Schlussfolgerungen: Die antiadhäsive Wirkung der bioinspirierten HAP-Lösungen hat einen 
signifikanten Einfluss auf die in situ Biofilmbildung auf polierten Zahnschmelz-, Titan-, 






The smile plays an essential role in interpersonal relationships. Currently, more and 
more patients demand an aesthetic and healthy smile. Tooth loss causes significant functional 
and emotional negative effects, reducing the quality of life. Reasons are the consequent reduced 
masticatory efficiency, disability, changes in nutritional habits, pain, trouble speaking, and the 
aesthetic discontent (ALLEN et al., 2001; LOCKER et al., 2002; OH et al., 2016; RICHMOND 
et al., 2007; SARGOZAIE et al., 2017).  
Nowadays, there are different options for oral rehabilitation based on the patient 
condition, such as single and partial prostheses, complete dentures, fixed bridges, fixed and 
removable implant-supported prostheses. A recent systematic review and meta-analysis showed 
that patient’s satisfaction was higher for implant-supported prostheses (WITTNEBEN et al., 
2018). In the past few years, implantology has presented as highly predictable with high rates 
of success for oral rehabilitation (BUSENLECHNER et al., 2014). Different materials are used 
to produce each part of the prostheses. For example, acrylic resin is usually used to build the 
device framework. Feldspathic ceramics are well known as a pioneer material for tooth 
replacement. Due to its biocompatibility and mechanical properties, titanium (Ti) is the main 
material for dental implants (GONÇALVES, BRESCIANI, 2017; MUDDUGANGADHAR et 
al., 2015; VALLITTU, SHINYA, 2017). 
However, there are still multiple factors that can affect the clinical success of implant-
supported prostheses, including the risk of bacterial colonization around the devices 
(VEERACHAMY et al., 2014). Biofilm is a microbial community with various bacterial 
species adhering to each other and usually also to a surface. Biofilms are ubiquitous and can 
develop on various surfaces, such as on enamel, dental implants and dental prostheses. 
(COSTERTON et al., 2005; HAO et al., 2018). The bacteria from the biofilm are embedded 
within a self-produced matrix, allowing further adhesion and proliferation of microorganisms 
(BLANC et al., 2014; FILOCHE et al., 2010; KOLENBRANDER et al., 2006). Biofilms are 
usually benign, but a dysbiosis within the biofilm can lead to common oral diseases such as 
caries, dental plaque-induced gingivitis, periodontitis and peri-implantitis (ARWEILER, 
NETUSCHIL, 2016; BELIBASAKIS et al., 2015; CHAPPLE et al., 2018; HANNIG, 
HANNIG, 2009). 
Periimplantitis is an inflammatory disease that affects the soft and hard tissue around 




and accumulation. Once a mature multi-layered biofilm is formed, it is extremely resistant to 
conventional antimicrobial therapies and immune system lines of defence and may lead to an 
inflammatory response (SCHWARZ et al., 2018; SMEETS et al., 2014). 
Until the present date, chlorhexidine 0.2% (CHX) is still the first-choice adjunct 
solution for prevention of dental biofilm accumulation. It is widely used as a broad-spectrum 
antiseptic, being the gold standard in dentistry (JAMES et al., 2017). However, despite its 
antimicrobial effect, CHX is not recommended for long-term use, due to various adverse 
effects such as teeth staining, oral mucosal erosion, and transient taste disturbance (JAMES 
et al., 2017). Therefore, to achieve reasonable biofilm control and less adverse effects as 
possible, the search for new biomimetic materials is of utmost importance. 
Synthetic hydroxyapatite is a calcium phosphate ceramic that has structural and 
functional similarities to the main mineral component in teeth. It can mimic the natural enamel 
crystallites, which are the smallest structure of dental enamel (KENSCHE et al., 2017; 
SAKAE et al., 2011). As a bioinspired material, hydroxyapatite (HAP) particles are non-toxic 
and non-immunogenic (EPPLE, 2018). According to the literature, the size and shape of the 
particles and aggregates affect the HAP properties and, consequently, its applications, playing 
an important role in HAP effects. Recent publications indicate that smaller particles are related 
to better remineralizing effects (ELIAZ, METOKI, 2017; HU et al., 2007; HUANG et al., 
2011; JIN et al., 2013). Kensche et al. observed that a pure hydroxyapatite containing 
mouthwash could reduce the number of bacteria adhered to the enamel surface exposed to the 
intraoral environment, having comparable effects to chlorhexidine (KENSCHE et al., 2017). 
Thus, HAP may have preventive properties against bacterial adhesion. 
Additionally, many studies use in vitro models to mimic the biofilm formation, 
however, it is well known that the biofilm formation is a dynamic and a multifactorial process 
(DUCKWORTH, 2006; HANNIG, HANNIG, 2009). For that reason, in vitro studies are not 
reliable, because they do not mirror the real intraoral condition. Thus, an in situ experimental 
model will be applied in this study due to its better capacity to reproduce the intraoral 
conditions and to better understand the oral bioadhesion process (HANNIG, HANNIG, 2009; 
HANNIG et al., 2007; VAN DER MEI et al., 2008; YAO et al., 2001). 
Hence, the objective of the present in situ study is to investigate the properties and 
effects of various sizes and shapes of three different hydroxyapatite powders as a mouthwash. 
Their effects will be tested on enamel and on the following dental materials commonly used 




Figure 2 Illustration of tooth’ structure 
hypothesis is that this bioinspired HAP solution would reduce biofilm formation, and the size 











2.1 Enamel, dental materials and biofilm 
2.1.1 Enamel 
The human tooth structure comprehends four major tissues: enamel, dentin, and 
cementum as hard tissues, and dental pulp as soft tissue (Figure 2). Dental enamel is an 
avascular, acellular, and translucid hard tissue present on the outer layer of the tooth. The 
enamel is in contact with the oral cavity and is responsible for protecting the crown 
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Dental enamel is considered a hard and mineralized tissue, due to its highly dense 
mineral composition (c. 97%) and a few percentages of proteins.  On the micromorphological 
level, enamel is organized in small units (4-8 μm in diameter), called enamel prisms, which 
follows an oriented fish-scale or key-hole like pattern in the cross-sectional view 
(BERKOVITZ et al., 2017; FABRITIUS-VILPOUX et al., 2019). A calcium phosphate named 
hydroxyapatite (Ca10(PO4)6(OH)2) is the main mineral component of the enamel prisms 
(KOBLISCHKA-VENEVA et al., 2018). The apatite grain presents a thin (c. 50 nm) and 
elongated (up to 1000 µm) needle-like ultrastructure and was recently described as a densely 
packed and highly-oriented chain-like arrangement (ENAX, EPPLE, 2018; KOBLISCHKA-
VENEVA et al., 2018). Other inorganic components such as sodium, magnesium, chlorine, 
carbonate, potassium, and fluoride are also present in minor quantities (SHAHMORADI et al., 
2014).  
2.1.2 Titanium  
Restoring the patient’s smile has always been a big challenge for modern dentistry. 
Several techniques aim not only to recover the function of the normal and healthy dentition, 
but also to maintain the aesthetics.  Over the last 20 years, oral implants have emerged as the 
treatment of choice for most edentulous patients, being the standard treatment to replace 
missing teeth. Therefore, the application of oral implants became a successful and well-
established technique in the actual oral rehabilitation treatment (RUPP et al., 2018). 
A dental implant is a component that fuses with the jawbone or skull to support a 
dental prosthesis or to act as an orthodontic anchor (Figure 3). Nowadays, most dental 
implants are cylindrical screw-like devices that can mimic the dental root’s appearance. The 
implants are connected to an abutment, which is the structure that supports the artificial 
prosthodontic restoration (MISCH, 2007).  They are manufactured in various sizes to match 



























Titanium (Ti) and its alloys are the most widely used materials in dental implantology 
(BRANEMARK, 1983; MUDDUGANGADHAR et al., 2015; RUPP et al., 2018). This fact 
is due to the specific Ti properties, such as biological, mechanical and morphological 
biocompatibility to surrounding tissues, resistance to corrosion, high strength/weight ratio, 
and low modulus of elasticity (MISCH, 2007; NOROWSKI, BUMGARDNER, 2009; 
OSHIDA et al., 2010; WILLIAMS, 1977). Ti also has a natural oxide layer, usually titanium 
dioxide (TiO2), which is responsible for a direct bonding to the jawbone, providing the 
osseointegration (BRANEMARK, 1983).  
Brånemark first described osseointegration as “a direct connection between living 
bone and a load-carrying endosseous implant at the light microscopic level” (BRÅNEMARK, 
CHIEN, 2005). He performed an in vivo experiment with rabbits and observed that the 
titanium chambers could not be removed from bone tissue, being inseparately incorporated to 
the bone (BRANEMARK et al., 1977). Nowadays, the term osseointegration is widely used 
in implantology, and it is well-known that this integration between the Ti surface and the 
surrounding bone is essential for treatment success (JAYESH, DHINAKARSAMY, 2015).  
According to the German Society for Implant Dentistry (DGI), about one million 
implants are placed every year in Germany. Additionally, the American Academy of Implant 
Dentistry (AAID) states that around 500.000 implants are placed per year in the United States 
of America. Finally, in 2005, Klinge et al. estimated that two million implants are inserted 
each year around the world (KLINGE et al., 2005). This data shows how important 




being reported greater than 89% after 10 years, complications can occur, and implants do fail 
(JEMT, 2016; PJETURSSON et al., 2007).  
The present study uses SLA grade 2 implants, which are among the most used types 
of dental implants and are very well documented. SLA is a term introduced by Buser et al. in 
1991 and stands for sand-blasted, large grit, and acid-etched (BUSER et al., 1991). Grade 2 
means that it is considered as commercially pure titanium; however, minor quantities of other 
compounds are present in its composition (CAMILO et al., 2011). The implant surfaces are 
produced with a large-grit (250-500 μm) sandblasting technique, succeeded by an acid-etching 
bath with HCl/H2SO4 at high temperature. As a result, a surface with micro-roughness (2-4 
μm micro pits) is created, which is ideal for cell attachment (BALLO et al., 2011). Albrektsson 
et al. (1981) and Westas et al. (2014) reported that an implant surface is an important 
characteristic that determines the osseointegration success (ALBREKTSSON et al., 1981; 
WESTAS et al., 2014). According to the literature, rough surfaces provide better implant-
bone interface interaction. For this reason, an average micro pits height deviation of 0.5 μm 
to 2 μm is present in most available implants (ALBREKTSSON, WENNERBERG, 2004). On 
the other hand, various articles relate an increased surface roughness to higher bacterial 
adherence (BHARDWAJ et al., 2015; PUCKETT et al., 2010).  
Implant failure can be caused by many reasons, such as mechanical problems, poor 
osseointegration, and infection (MOY et al., 2005; VEERACHAMY et al., 2014). However, 
biofilm accumulation with consequent bacterial infection is the leading cause of implant 
failures (BHARDWAJ et al., 2015; FURST et al., 2007; RUPP et al., 2018; VEERACHAMY 
et al., 2014; WESTAS et al., 2014). 
2.1.3 Feldspathic ceramic 
Dental ceramic is one of the most common materials used for teeth reconstruction and 
teeth replacement in oral prostheses. They have been used since the 1960s in a metal-ceramic 
system, which is considered to have a high performance until nowadays (BABU et al., 2015; 
RASHID, 2014). Dental ceramics are used in both removable and fixed prostheses, for instance 
as crowns, bridges, denture teeth, abutments, and teeth structure over dental implants (BABU 
et al., 2015).  
Ceramics are mainly used due to their strength, biocompatibility, intraoral stability, 
color stability, and well-accepted aesthetics (KIM et al., 2017; RAGHAVAN, 2012). These 




responsible for the mechanical properties and a glassy phase, giving ceramics the tooth-like 
color (RUSE, SADOUN, 2014; SHENOY, SHENOY, 2010).   
In the past few years, the research in the ceramics field increased and evolved 
substantially. There are different kinds of ceramic systems, and they are classified in different 
ways, such as based on the composition, type, firing temperature, and microstructure. In this 
study, feldspathic ceramic was chosen because it is the most common used material for metal-
ceramic restorations and provides aesthetic on alumina-based ceramics (RAGHAVAN, 2012).  
Ceramics, like any other surface exposed to the intraoral environment, is prone to 
bacterial colonization (PADOVANI et al., 2015). However, there isn’t much in the literature 
about this matter. Studies from Auschill et al. and Eick et al. showed that bacteria could 
accumulate on ceramics surface. They observed a thin and non-homogeneous biofilm layer with 
viable bacteria (AUSCHILL et al., 2002; EICK et al., 2004). They explained that the flat and 
smooth surface of this material would prevent the bacterial adhesion. However, the ceramic 
surface may present microscopic irregularities, allowing bacteria to adhere to and colonize the 
surface (KIM et al., 2017).  In the present research, it will be assessed the behavior of feldspathic 
ceramic regarding biofilm accumulation after mouthrinsing with a hydroxyapatite-based watery 
test solution.  
2.1.4 Poly(methyl methacrylate) resin 
Poly(methyl methacrylate) (PMMA) is an acrylic resin polymer composed of an 
extended carbon chain matrix (Figure 4). It is considered a bioinert and rigid material (FRAZER 
et al., 2005). 
  
Figure 4 Illustration of the chemical structure of PMMA 
 
 Walter Wright introduced this acrylic material in 1937 (JOHN et al., 2001). The first 
use of PMMA in dentistry was as a base for complete dentures (FRAZER et al., 2005). Since 




removable partial dentures, provisional prostheses, maxillary expansion appliances, artificial 
teeth, and orthodontic appliances (DARVELL, 2018; FANG et al., 2016). 
 The widespread use of PMMA in the dental field is related with its good qualities, such 
as biocompatibility, reliability, shape and color stability, good aesthetics, durability, low cost, 
easy handling and processing and easy repair (BERTOLINI et al., 2014; FANG et al., 2016). 
However, despite these qualities, PMMA has low mechanical properties, such as susceptibility 
to distortion, reduced strength and insufficient surface hardness, limiting the use of this material 
in dentistry (AJAJ-ALKORDY, ALSAADI, 2014; CHEN et al., 2017). Furthermore, PMMA 
is associated with bacterial adhesion mainly due to its capacity of water absorption and its 
intrinsic porous structure, which creates retention sites (CHEN et al., 2017; SPASOJEVIC et 
al., 2015).  
   The biofilm accumulated on PMMA surfaces may lead to gingivitis, stomatitis, and 
halitosis. Thus, the search for new bioinspired materials with the potential to inhibit bacterial 
adherence and growth around these devices is a goal to be achieved in preventive dentistry. 
Therefore, this study will evaluate the effects of a hydroxyapatite-based watery mouthrinse test 
solution on biofilm formation on poly(methyl methacrylate) resin. 
2.1.5 Biofilm 
As mentioned before, the oral biofilm is composed by a heterogeneous group of 
microorganisms surrounded by a polysaccharide-based matrix. As it is the primary etiologic 
agent for common oral diseases, it is essential to understand its formation process and how to 
prevent it.  
Biofilm formation 
The oral biofilm formation is a dynamic process divided into several stages: salivary 
pellicle formation, bacterial attachment by single organisms, growth and multiplication and, 
finally, sequential bacterial adhesion to form a complex and mature biofilm (HANNIG, 
HANNIG, 2009). This microbial community is embedded in a polymeric extracellular matrix 
(EPS), which provides protection, stabilization, and the necessary nutrients within the biofilm 
(BERGER et al., 2018).  
Biofilm formation on a solid surface starts immediately after the exposure to the oral 
environment, when proteins from saliva adsorb onto the material’s surface, forming a 
conditioning film: the acquired pellicle (HANNIG, 1999a). The acquired pellicle is a 




proteins, glycoproteins, mucins, immunoglobulins, lipids, bacterial components, and other 
macromolecules (HANNIG, HANNIG, 2009; HANNIG, 1999a; HANNIG, JOINER, 2006). 
The pellicle ultrastructure is organized into two layers. An electron-dense basal layer is in 
contact with the material surface and usually has a thickness ranging between 10 – 20 nm; and 
an outer layer that has a granular and loose appearance with a thickness ranging between 1000-
1300 nm after 24 h (HANNIG, 1999a; HANNIG, JOINER, 2006). Salivary  protein adsorption 
reaches a plateau after 90-120 minutes (HANNIG, JOINER, 2006; SKJORLAND et al., 
1995). Concerning the functions of the pellicle, it has lubricating function and can act as a 
protective barrier. The presence of the pellicle around a surface also changes the surface free 
energy and charge. Additionally, there are pellicle proteins, which serve as specific receptors 
for bacterial adhesins,  providing sites for bacterial attachment (HANNIG, JOINER, 2006). 
In the next stage of biofilm formation, bacteria adhere to the pellicle layer. First, a 
reversible adhesion takes place via a weak and long-range physicochemical interaction (van 
der Waals force). Next, an irreversible attachment is created by short-range specific forces 
(receptor-adhesins interactions) that are present during the bacterial approach to the pellicle’s 
surface (HANNIG, JOINER, 2006; MARSH, 2006). Initial colonizers are mainly gram-
positive Streptococci (S. sanguis, S. oralis, S. mitis) (MARSH, 2006; XIMENEZ-FYVIE et 
al., 2000). After the formation of this initial bacterial layer, co-aggregation of other colonizers 
starts. If left undisturbed, diverse bacteria continue to attach, forming micro-colonies. The 
growth continues, and the complexity and heterogeneity of the bacterial community increase 
over time, with more gram-negative and strictly anaerobic species, which contribute to the 
biofilm pathogenicity (MARSH, 2006). 
Biofilm formation on implant-supported prostheses 
Biofilms can form on any surface exposed to the oral cavity. This way, implant-
supported prostheses’ and restorative materials surfaces are also prone to biofilm attachment. 
Bacterial adhesion and accumulation depend not only on the prosthetic design but also on the 
physical and chemical characteristics of each material (HAO et al., 2018; SOUZA et al., 2016; 
TEUGHELS et al., 2006).  
Biofilm formation is mainly influenced by the surface topography and morphology of 
each material. An increased roughness is directly associated with a higher bacterial attachment 
rate (AL-AHMAD et al., 2010; DO NASCIMENTO et al., 2008; SOUZA et al., 2016; 
TEUGHELS et al., 2006). Rimondini et al., in a scanning electron microscopy in vitro study, 




surfaces (RIMONDINI et al., 1997). In accordance, Quirynen et al. also reported a positive 
relationship between biofilm development and roughness on implants (QUIRYNEN et al., 
1990). The same relationship has been observed by Auschill et al. and Eick et al. for ceramics, 
and by Chen et al. and Spasojevic et al. for PMMA resin (AUSCHILL et al., 2002; CHEN et 
al., 2017; EICK et al., 2004; SPASOJEVIC et al., 2015). Thus, surface morphology contributes 
to biofilm formation and growth. This factor is related to bacteria accumulation in valleys, being 
then protected from mechanical shear forces and serving as a reservoir to the following 
colonizers (DHIR, 2013).  
Bacterial attachment on implant-supported prostheses follows the similar colonization 
sequence as on teeth (KALYKAKIS et al., 1998; SOUZA et al., 2016). Concerning the implant, 
Furst et al. stated that  the colonization of bacteria occurred within 30 minutes after the implant 
installation surgery (FURST et al., 2007). The initial colonizers are mostly the same as on the 
natural dentition, composed of gram-positive cocci, rods and actinomyces bacteria (DHIR, 
2013). The later periopathogenic colonizers can vary in number and in species present, but are 
mostly also the same when compared to teeth and includes the gram-negative P. gingivalis, P. 
intermedia, Fusobacterium spp., T. denticola, T. forsythia, etc. (MOMBELLI, 1993; 
MOMBELLI, LANG, 1994; PELGRIFT, FRIEDMAN, 2013; SILVERSTEIN et al., 1994; 
TANNER et al., 1997). Some studies state that Staphylococcus aureus has a higher affinity to 
the titanium surface, being a common colonizer around implants, which does not happen on 
teeth (DHIR, 2013; MOMBELLI et al., 1987). Besides, the opportunistic yeast Candida 
albicans is a common finding in association with biofilm formation on denture bases made of 
the acryl resin PMMA (KOSEKI et al., 2018). Yeasts may cause stomatitis and oral candidiasis. 
The gram-negative bacteria mentioned above are part of the red and orange Socransky’s 
microbial complexes (SOCRANSKY et al., 1998). They are responsible for triggering an 
inflammatory response, resulting in periodontal and peri-implant infections. 
 Peri-implant disease is defined as an inflammatory biofilm-associated process 
occurring in the tissues surrounding the implant (BERGLUNDH et al., 2018; SCHWARZ et 
al., 2018). Figure 5 shows the progression of peri-implant infections. It starts as peri-implant 
mucositis (PM) and can evolve to peri-implantitis. PM is a reversible inflammatory disease that 
affects the soft tissue around the dental implant, whereas in peri-implantitis, besides soft tissue 
inflammation, progressive loss of supporting bone is also visible, which can lead to implant 















Therefore, bacterial adhesion plays a critical role in the periodontal infection 
pathogenesis and on implant-supported prostheses failure. Prevention of this step is essential to 
achieve good oral health and patient satisfaction.  
Prevention of biofilm formation 
Mechanical treatment is the standard intervention to control biofilm formation. It 
involves not only toothbrushing and interdental cleaning performed by the patient, but also 
professional disruption and removal of biofilm by scaling and root planing (SRP) (INVERNICI 
et al., 2018).  
However, sometimes, the mechanical cleaning alone is not enough to provide oral 
health. During professional cleaning, for example, there are cases of limited access to the 
surface, which are hard to reach with instrumentation. Furthermore, the recolonization in treated 
sites is common (INVERNICI et al., 2018; MOMBELLI, 2018; NICOLINI et al., 2019). 
Additionally, some patients are unable to reach an acceptable level of oral hygiene alone, either 
because of personal limitations and impaired dexterity or even due to a lack of motivation 
(JAMES et al., 2017; VARONI et al., 2012).  
Therefore, adjunct therapies are essential to improve mechanical procedures’ outcomes. 
Many different adjuvant strategies to prevent biofilm formation have been proposed in the past 
few years (JAMES et al., 2017). In this study, three different hydroxyapatite watery solutions 





Digluconate chlorhexidine, also known as chlorhexidine (CHX) is on the World Health 
Organization's List of Essential Medicines. It is considered the gold standard mouthrinse in 
dentistry. Nowadays, it is the most used solution for oral biofilm control, and it has been used 
since the 1950s (JAMES et al., 2017; LANG, LINDHE, 2015). Besides controlling the 
formation of the biofilm, it can also reduce gingival inflammation, and gingival bleeding 
indexes (JAMES et al., 2017; VARONI et al., 2012).  
 CHX is a cationic bisbiguanide base with a broad-spectrum antibacterial power, proved 
to be efficient against Gram-positive and Gram-negative bacteria (Figure 6) (JAMES et al., 
2017; VARONI et al., 2012).  
 
Figure 6 Chlorhexidine molecule from https://en.wikipedia.org/wiki/Chlorhexidine 
 
 Chlorhexidine can act either as bacteriostatic or bactericidal agent depending on the 
dosage: at high concentrations (0.12–0.2%) it has a bactericidal effect, whereas at low 
concentrations (0.02-0.06%) a bacteriostatic effect is present (VARONI et al., 2012). This event 
occurs because, at low concentrations, the binding between the positively charged CHX and the 
negatively charged bacterial cell walls results in disruption of the cell membrane, changing the 
osmotic balance and increasing the permeability inside the cell membrane, therefore causing 
the loss of low molecular-weight components. On the other hand, higher concentrations trigger 
a cascade of cellular events that lead to irreversible cell damage and cell death by cytolysis 
(JAMES et al., 2017; JONES, 1997; LANG, LINDHE, 2015; VARONI et al., 2012). 
Good substantivity is another advantage of this bisbiguanide. According to Bonesvoll, 
approximately 30% of the CHX active substances remains on the oral mucosa, because the 
molecules can bind to mucins, which are proteins present in the salivary film that covers the 
soft and hard intraoral tissues surfaces (BONESVOLL, 1977). Furthermore, CHX absorption 
through the mucosa is minimal, due to its cationic properties. Those factors contribute to a 
prolonged activity up to 12 h after application.  Moreover, it is stated that the long-term use of 
CHX does not lead to bacterial resistance or high proliferation of opportunistic strains from the 




 Due to these qualities, CHX is used in dentistry mainly as an antibacterial mouthrinse, 
being an adjunct to the mechanical cleaning treatment. However, despite its benefits, the long-
term use of this substance is associated with several side effects that must be considered. The 
most common adverse effect is a brownish pigmentation of teeth, mucosa, tongue, and 
restorative materials, giving the patient a not-aesthetic smile. Other pervasive side effects faced 
by CHX users are transitory taste alterations, temporary burning sensations, and increasing of 
supragingival calculus formation. Uncommon cases like facial paresthesia, sialadenitis, 
hypersensitivity, erythema, and desquamative lesions of gum and oral mucosa have also been 
reported (JAMES et al., 2017; SOLDERER et al., 2019; VARONI et al., 2012). 
  Nowadays, the treatment of periodontal related diseases comprehends on removing the 
biofilm by professional scaling and root planning in association with good oral health habits by 
the patient (ARWEILER et al., 2018). However, mechanical therapy alone can fail, especially 
when the subject is not able to maintain proper oral hygiene, either because a lack of motivation, 
systemic associated disease or compromised ability (ARWEILER et al., 2018). An adjuvant 
therapy plays a significant role to help those patients to control the biofilm in the oral cavity. 
Until now, chlorhexidine is the first-choice antiseptic for complementary treatment. But, due to 
the adverse effects of chlorhexidine, the search for new biomimetic materials is an important 
task in preventive dentistry.   
2.3 Hydroxyapatite 
Hydroxyapatite is a calcium-phosphate ceramic with the formula Ca10(PO4)6(OH)2 
(Figure 7), representing the main mineral component of teeth, representing more than 90% of 
the mineral composition of dental enamel (ENAX, EPPLE, 2018). Synthetic HAP has 
morphological and structural similarities to enamel apatite crystals (EPPLE, 2018). Nano-sized 
hydroxyapatite particles present crystals ranging from 20 to 1000 nm that can be non-
aggregated or clustered in bigger particles. Hydroxyapatite nanoparticles have higher surface 
energy, higher solubility and optimal bioactivity (osteoconductivity), resulting in an intense 
chemical bond with the tissue (ELIAZ, METOKI, 2017; ELKASSAS, ARAFA, 2017; EPPLE, 
















Due to structural and functional similarities to teeth and bone, HAP has not only 
outstanding biocompatibility and bioactivity properties, but is also a non-toxic and non-
immunogenic material, making it an interesting bioinspired material for medical use (ELIAZ, 
METOKI, 2017; ELKASSAS, ARAFA, 2017; EPPLE, 2018; RAMESH et al., 2018). In a 
recent literature review, Epple observed that the hydroxyapatite particles present no adverse 
health effects to the human organism when applied in adequate doses. Additionally, if 
accidentally ingested, it presents no harm because it is rapidly dissolved by the acids in the 
stomach (EPPLE, 2018). 
In recent years, the use of HAP has increased in dentistry for many different 
applications. As granules, HAP is being applied as a filling in periodontal bone defects 
reconstruction with great results (OKADA, FURUZONO, 2012). HAP blocks are used for 
various cases in maxillofacial surgery, such as facial reconstruction and bone replacement. 
Prosthetic operations also take advantage of both, HAP granules and blocks, in alveolar ridge 
reconstruction and augmentation before implant/prosthesis placement (FIGUEIREDO et al., 
2010; OKADA, FURUZONO, 2012; PEPLA et al., 2014). The hydroxyapatite particles can be 
also used in the domain of restorative and preventive dentistry, for example, to promote the 
remineralization of initial lesions of caries on enamel (ENAX, EPPLE, 2018; PEPLA et al., 
2014). HAP has also been used for drug, protein and gene delivery, as coating agent on dental 
implants, as reparative materials for damaged enamel, and in toothpastes as a polishing agent 
(ELIAZ, METOKI, 2017; OKADA, FURUZONO, 2012).  







Despite all knowledge around hydroxyapatite nanoparticles and their benefits, there are 
only very few HAP based types of mouthwash on the market. Kensche et al. showed that an 
experimental 5% hydroxyapatite nanoparticle solution could reduce the initial bacterial 
adhesion to enamel in situ. They also confirmed the adsorption of HAP microclusters at the 
tooth surface (KENSCHE et al., 2017). Pepla et al. reported that HAP nanoparticles can bind 
with proteins, biofilm, and bacteria due to their nano size and consequently increased surface 
area (PEPLA et al., 2014). Moreover, according to Grenho et al., these nanoparticles could 
inhibit Gram-negative and Gram-positive bacteria growth (GRENHO et al., 2012). Biofilm 
formation is not restricted to the enamel surface. Thus, it is essential to evaluate the effects of 
the HAP solution on biofilm formation on other materials commonly used in dentistry for oral 
rehabilitation, such as titanium, ceramics and polymethyl methacrylate resin. 
2.4 Objectives 
Currently, there are several strategies to prevent or delay the formation and 
accumulation of oral biofilms, mainly focused on substances with antibacterial properties. 
However, anti-adhesive substances are also an interesting alternative, since they would have no 
impact on the viability of oral microflora and wouldn’t promote bacterial resistance.  
Kensche et al. (2017), previously observed the anti-adhesive effect of an experimental, 
bioinspired HAP solution. In their experiments, decreased bacterial accumulation was visible 
after application of a 5% watery HAP solution on enamel surfaces (KENSCHE et al., 2017). 
Thus, continuing research on hydroxyapatite is important, to better understand its behavior on 
enamel and different dental materials, as well as its effects on biofilm formation on the materials 
surfaces.  
Therefore, this in situ study has the objective to assess:  
- The behavior of three different HAP watery solutions on enamel and also on 3 artificial 
dental materials (titanium, ceramic, and PMMA) regarding: 
o The efficacy of the HAP mouthwash to adhere to the pellicle formed on the 
tested materials surfaces immediately after rinsing, 30 min and 2 h after rinsing 
o The effectiveness of the HAP mouthwash against oral biofilm adhesion on the 
tested materials during 24 h and 48 h  
- The size and shape effects of the different applied HAP particles in a watery solution  
- The differences between biofilm formation on polished and non-polished titanium 
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3 Material and Methods 
3.1 Subjects 
The present in situ experiment was performed with healthy volunteers aged between 28 
and 35 years, members of the laboratory staff of the Clinic of Operative Dentistry, 
Periodontology and Preventive Dentistry, Saarland University. The number of volunteers 
varied according to the protocol applied (Table 2 Protocol’s description). The subjects had to 
fulfill the following inclusion criteria: good oral health without gingivitis, caries or 
unphysiologically salivary flow rate; no systemic diseases; no use of antibiotics or any 
periodontal treatment within the past six months; non-smoker; not pregnant or breastfeeding 
and absence of orthodontic appliances. The Medical Ethics Committee of the Medical 
Association of Saarland/Germany approved the study protocol (nº 283/03–2016). Informed 
written consent concerning the participation in the study was obtained from all subjects.  
3.2 Samples 
In addition to enamel, the natural component of the tooth, other common materials 
used for oral rehabilitation and the preparation of implant-supported prostheses were 
addressed: titanium (main composition of dental implants), feldspathic ceramics (used as 
dental rehabilitation material), and polymethyl methacrylate resin (common material to make 
the base of the implant-supported prosthesis). 
3.2.1 Enamel samples 
  Square enamel slabs measuring approximately 5x5 mm and 1 mm thick were 
prepared from bovine incisor teeth. Later, they were polished with wet 
grinding sandpapers (from 240 to 2500 grit for SEM and until 4000 grit for 
TEM). To remove the smear layer, the samples were washed with 3% NaOCl 
for 3 min, followed by ultrasonication with distilled water for 5 minutes. 
Afterward, disinfection in 70% ethanol for 15 minutes took place. Finally, samples were washed 
with sterile water and stored at 4 °C in sterile water during 24 h before use.  
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3.2.2 Titanium samples 
 Titanium discs with a microstructured surface (SLA) Ra = 2 µm, grade 2, 
were obtained from Dentsply Implant Systems (Firma Friadent, 
Bensheim, Germany), with 5 mm diameter and 1 mm height. Half of the 
samples remained unpolished, while the other half was polished by wet 
grinding with abrasive paper (800 to 4000 grit). Right after, Ti discs were 
immersed in isopropanol (70%) for 10 min, followed by a wash in distilled water in order to 
remove the resulting smear layer and for disinfection purpose. 
3.2.3 Ceramic samples 
  Ceramic slabs with square/rectangular shape with approximately 5x5 mm and 
1 mm in height were cut from feldspathic ceramic blocks (VITABLOCS 
Mark II from VITA Zahnfabrik, Germany). The slabs were polished with 
wet grinding sandpapers (from 240 to 4000 grit). For cleaning and 
disinfection purpose, the ceramics samples were immersed in isopropanol (70%) 
for 15 min, followed by a wash in distilled water and finally dried before use. 
3.2.4 PMMA resin samples 
   Polymethyl methacrylate (PMMA) resin samples measuring approximately 
5 mm diameter and 1 mm in height were prepared with an autopolymerising 
prosthetic resin kit (powder and monomer) from Pala® (Kulzer, Germany) 
following the manufacturer’s instructions. PMMA samples were polished 
with grid sandpapers (1200 to 4000 grit). For cleaning purpose, samples were first placed three 
times (10 min each) in the ultrasonicator, two times with isopropanol 70%, and one time with 
sterile water. Finally, the samples were dried before attachment to the splints.  
3.3 Tested solutions 
Different sizes of hydroxyapatite nanoparticles were used to prepare three test solutions 
presented at Table 1. The shape and size from the hydroxyapatite particles were verified by 
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The test 
solutions containing HAP particles were prepared by mixing 0.5 g of the selected HAP powder 
in 10 ml bidistilled water. Chlorhexidine mouthwash [0.2% (w/v) chlorhexidine-digluconate in 
7% (v/v) ethanol - Saarland University Pharmacy, Homburg, Germany] and distilled water 
rinse, served as positive and negative controls, respectively. 
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Figure 8 Example of a splint with mounted specimens according to Protocol 2. 
The different rinsing solutions were used by the volunteers in different weeks to avoid 
interferences between tests and controls solutions, preventing a possible cross-over effect. To 
standardize our protocol, the rinsing procedure followed a specific order: the water control was 
the first solution used by each volunteer. After a one-week interval, the HAP test solutions were 
introduced respecting the following order: HAP I, HAP II and HAP III; and respecting also a 
two weeks clearance period between each of them. Finally, after two more weeks, the 
volunteers performed the final rinse with the CHX control solution.  
 







HAP I Eprui China 40 nm Needle 
HAP II Kalichem Italy 100 nm Needle 
HAP III Sigma Aldrich Germany < 200 nm Globular 
 
3.4 Oral exposure 
A customized maxillary splint was prepared containing the mounted samples to evaluate 
the in situ biofilm formation (Figure 8). Methacrylate foils with 1.5 mm thickness were used to 
prepare the acrylic appliance, which extended from the premolar to the second molar 
(HANNIG, 1999a). Perforations in the buccal aspects of the splints were prepared to fix the 
polyvinyl siloxane impression material, in which the samples were placed. The samples were 














Before using their splints, volunteers brushed their teeth without toothpaste and rinsed 
with tap water only to avoid possible interferences from the compounds of the toothpaste. After 
the intraoral use of the splints for 3 min to allow the formation of the acquired pellicle 
(HANNIG, 1999a), 30 s rinsing with 10 ml of the tested solutions described above were carried 
out according to the protocol detailed in Table 2 and in Figure 9, Figure 10 and Figure 11.   
During the experiment, the participants did not use toothpaste or any other kind of 
mouthwash. They should take off their splints during meals, brush their teeth without toothpaste 
after each meal, and place the splints again after 10 minutes (HANNIG, 1997). During the 
mealtime, the splints were placed in a closed humidity environment (HANNIG, 1999a).  
After the established time of use for each protocol (Table 2), the splint was removed, 
and the samples were detached from the polyvinyl siloxane and immediately rinsed with 
distilled running water to remove non-adsorbed salivary particles. According to the protocol, 
the samples were prepared for fluorescence microscopy (FM), scanning electron microscopy 
























 Protocol 01 Protocol 02 Protocol 03 
Objective 
Evaluate how the size and 
shape of HAP particles 
influence their adhesion to 
the initial pellicle  
Evaluate how the size and 
shape of HAP particles 
influence the biofilm 
formation 
Evaluate the effects of 
the HAP II solution on 















Titanium (polished and 
non-polished surfaces) 
Test solutions  HAP I, HAP II, HAP III  HAP I, HAP II, HAP III HAP II 
Negative 
control solution 
Water Water Water 
Positive control 
solution 
- 0.2% CHX 0.2% CHX 
Duration of the 
in situ 
experiment 
2 h 24 h 48 h 
Number of 
rinses 
1 time after 3 min pellicle 
formation 
2 times each 12 h 
(1st rinsing: 3 min after 
pellicle formation) 
4 times each 12 h 




Immediately after rinse 
30 min after rinse 
2 h after rinse 
After 24 h After 48 h 
Analysis SEM SEM, FM, TEM SEM, FM, TEM 





















(a)                                                                           (b) 
 
Figure 9 Illustration of Protocol 1. (a) Each volunteer used first the intraoral splint with enamel, ceramic and 
titanium samples attached. There were three samples from each material on each side. The volunteer placed the 
splint intraorally, and, after 3 minutes, the 30 seconds selected rinse was performed. One sample from each material 
from each side was removed immediately, 30 minutes and 120 minutes after rinsing, respectively. The procedure 
was repeated for all tested solutions (water, HAP I, HAP II, HAP III).  Thus, each volunteer used the intraoral 
appliance four times. (b) Later, it was decided to include PMMA as a material of interest. Therefore, the same 










(a)                                                                            (b) 
 
Figure 10 Illustration of Protocol 2. (a)  The volunteers used the intraoral splints with one sample of enamel, 
ceramic, titanium and PMMA attached on each side. Here, five rinsing solutions were tested: water, HAP I, HAP 
II. HAP III and CHX. All samples were removed from the acrylic appliance after 24 h of intraoral exposure.  The 
right side was analyzed with FM and the left side with SEM. (b) Later was decided to perform a TEM analysis, 
therefore, two volunteers repeated the protocol 2 for this evaluation. 
 
 















                             (a)                                                                            (b)                                                           
 
Figure 11 Illustration of Protocol 3. (a) The intraoral splint was mounted with four titanium samples:  2 polished 
and 2 non-polished discs. In this protocol, the volunteers rinsed with water, HAP II and CHX. After 48h, the 
samples were removed and analyzed with SEM (one polished and one non-polished sample from each side) and 
with FM (one polished and one non-polished sample from each side). (b) Two volunteers repeated the protocol for 
TEM evaluation (one polished sample from each side).     
 
3.5 BacLight viability assay 
This assay differentiates living from dead bacteria based on two nucleic acid stains: 
SYTO 9 and propidium iodide. While the first one will stain all bacteria green (with intact or 
damaged membranes), the last one will stain cells with compromised membranes in red. When 
mixed, propidium iodide reduces SYTO 9 fluorescence, enabling a viability evaluation between 













Figure 12 Fluorescence micrograph: green areas highlighted with a circle represent the living bacteria, whereas 
the red areas highlighted with a rectangle represent the dead bacteria. The black background represents the sample 
surface, in this case, the enamel surface, which is not stained by SYTO 9 or propidium iodide. 
 
BacLight viability assay was carried out at room temperature in a 6-well-plate. One 
microliter of the SYTO 9 and 1 μl of propidium iodide was mixed in 1 ml saline solution (0.9% 
NaCl). This staining solution was vortexed before use. The specimens were covered with 10 µl 
staining solution and left 10 min in a dark chamber. Subsequently, samples were washed in 
saline solution two times, dried, fixed to a glass slide and mounted in BacLight oil for 
fluorescence microscopy analysis (KENSCHE et al., 2017).   
3.6 Fluorescence microscopy (FM) 
The detection of bacteria and their viability was conducted with FM at 1,000-fold 
magnification (Axioskop II, ZEISS MicroImaging GmbH, Göttingen, Germany), using 
AxioVision 4.8 (Carl Zeiss Microimaging GmbH, Göttingen, Germany) for image processing. 
Nine pictures per sample were taken (9 FM-micrographs per sample). These nine pictures are 
representative for each specimen (Figure 13).   
 
 








Figure 13 Illustration representing the approximately chosen positions where the pictures were taken on each 
square or round-shaped sample under the fluorescence microscope.  
 
Semi-quantitative evaluation of the bacteria coverage was performed with the Sefexa 
Image Segmentation Tool, which is an open-source software for image segmentation available 
on www.fexovi.com/sefexa.html. To calculate the percentage of bacterial coverage, the 
program measures the total area of the selected picture (converted into grayscale) and, after 
setting a threshold, it is possible to separate the live and dead bacteria from the background, 
which gives the coverage area (Figure 14). Afterwards, the coverage percentage was determined 
with a simple proportion calculation. This procedure was repeated for all FM micrographs from 


















(d)  (e) 
Figure 14 Bacterial coverage evaluation with Sefexa Image Segmentation Tool. (a) The micrograph generated by 
the AxioVision software was first converted into grayscale with GIMP free software. (b) A threshold of “0” is set 
for the total Figure’s area. (c) The program gives the total area. (d) A new threshold is used to separate the bacteria 
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   Coverage area Threshold 
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Additionally, the live and dead cell correlation was performed with two different 
methods:  scoring system and integrated density evaluation with ImageJ. It was decided to use 
the results from the ImageJ software in this thesis. Differences between them were further 
discussed in the “discussion of materials and methods” section (5.1.4).  
3.6.1 Scoring system 
 The viability correlation between live (stained in green) and dead (stained in red) cells 
observed in the biofilm on the samples’ surface was assessed and scored by two examiners, and 
it was based on the following scoring system table created by Rupf et al. (Table 3) (RUPF et 
al., 2012). This analysis was performed with five representative pictures per sample chosen 
from the pictures that were taken at 1,000-fold magnification under FM. When a disagreement 
was present, it was resolved through discussion (RUPF et al., 2012).  
 
Table 3 Scoring system for the assessment of biofilm viability detected with BacLightTM viability 
assay 
Score Description 
1 Mainly red fluorescence; ratio between red and green fluorescence 90:10 and higher. 
2 More red fluorescence; ratio between red and green fluorescence 75:25 and higher. 
3 Ratio between red and green fluorescence 50:50. 
4 More green fluorescence; ratio between red and green fluorescence 25:75 and lower. 
5 Mainly green fluorescence; ratio between red and green fluorescence 10:90 and lower. 
 
3.6.2 ImageJ 
ImageJ is a Java-based open-source software for image processing available for 
download at www.imagej.net. Five representative pictures per sample were chosen from the 
pictures that were taken at 1,000-fold magnification under FM to access the bacteria viability. 
Each figure contains a green (representing living cells) and a red (representing dead/damaged 
cells) channel in grayscale (Figure 15). With ImageJ, it was possible to measure the integrated 
density of both channels. Then the percentage of live cells could be calculated (Figure 15c).  








Integrated density 1 Integrated density 2 
(b) 
(integrated density 1) * 100 / (integrated density 1 + integrated density 2) = (bacteria viability) % 
(c) 
Figure 15 Bacterial viability evaluation with ImageJ software. (a) The green and red micrographs of the same 
section of the sample were evaluated separately. (b) After setting the same threshold for both channels, ImageJ 
provides the integrated density of each channel. The integrated density is calculated for all five pictures from the 
same sample. (c) With this data it is possible to calculate the bacteria viability percentage for each picture. Finally, 
a mean percentage is calculated for the sample.      
 
Green channel Red channel 
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3.7 Scanning electron microscopy (SEM) 
All specimens also followed a fixation process for SEM analysis to visualize the 
bacterial coverage and the potential adherence of HAP particles to the pellicle and/or to the 
biofilm. After the total time of intraoral exposure for each protocol (Table 2), the samples were 
gently washed with sterile water to remove detached material, and the present biofilm was fixed 
following two different methods.  
For the experiments from protocol 1, the samples were fixed with 1 ml of 2% 
Glutaraldehyde in 0.1 M cacodylate buffer during 2 h at 4 °C. Aiming to reduce the loss of 
hydroxyapatite particles, no further rinse with cacodylate buffer or alcohol was performed. 
Then, the samples were left to dry in the air chamber at room temperature overnight.   
For the experiments from protocol 2 and 3, the samples were fixed with 1 ml 2% 
Glutaraldehyde in 0.1 M cacodylate buffer during 2 h at 4 °C. Next, samples were washed 5 
times, 10 min each, with 1 ml of cacodylate buffer. A series of ethanol dehydration followed 
this procedure. Samples were immersed in various ethanol solutions accordingly: ethanol 50% 
(2x 10 min), ethanol 70% (1x 5 min), ethanol 80% (1x 5 min), ethanol 90% (1x 5 min) and 
ethanol 100% (2x 10 min). The samples were left to dry in the air chamber at room temperature 
overnight.  
After dried, the samples from all protocols were sputter-coated with carbon and 
analyzed by SEM and energy dispersive X-Ray spectroscopy (EDX) evaluations in an XL30 
ESEM FEG (FEI, Eindhoven, The Netherlands) at 5 kV and 10 kV, consecutively, at up to 
20,000-fold magnification. 
Additionally, the three hydroxyapatite nanoparticles solutions (HAP I, HAP II, HAP III) 
were directly applied to three different aluminum sample holders from the SEM to visualize the 
size and shape of the particles. 
3.8 Transmission electron microscopy (TEM) 
Five percent nano-hydroxyapatite solutions were prepared from each one of the 
analyzed powders (HAP I, HAP II, HAP III) to evaluate the particle’s sizes. Each solution was 
directly applied on Pioloform-coated copper grids and analyzed in a TEM Tecnai 12 Biotwin 
(FEI, Eindhoven, The Netherlands) under magnifications of up to 100,000-fold.  
Later in this study, to better understand the effects of the test solution on biofilm 
adhesion, it was also decided to investigate the ultrastructural characteristics of the obtained 
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biofilm. For this purpose, two volunteers that already participated in the experiments used again 
their upper jaw splint with mounted samples for protocols 2 and 3. Samples were prepared for 
TEM analysis using the following protocol.  
The samples were washed with sterile water to remove not adhered bacteria after 
volunteers took off their splints. After washing, the samples were stored at 4 °C during 1 h in 
1,5 ml tubes containing 1 ml of 1% Glutaraldehyde fixing solution. The next step following this 
primary fixation was washing the samples with 0.1 M cacodylate buffer 4 times with duration 
of 10 min each time, and store at 4 °C in cacodylate buffer. Next, fixation in osmium tetroxide 
during 1 h in a dark chamber at room temperature was performed, this procedure was followed 
by 5 times wash in distilled water (10 min each time) and, finally, immersion in 30% ethanol 
overnight. The next day, the TEM fixing procedures took place, and the dehydration process 
was performed at room temperature. This was carried out by immersing the samples in a series 
of ethanol solution, as follows: 50% (2x 10 min), 70% (2x 20 min), 90% (2x 30 min) and 100% 
(2x 30 min). Next, the samples were immersed in 100% acetone solution two times of 30 min 
duration, and finally stored at room temperature overnight in an acetone/Araldite mixture 
(Agarscientific, Stansted, United Kingdom) with an additional 3% accelerator (mixture A). The 
day next, the mixture A was poured out and the samples were stored at room temperature in the 
air chamber overnight in mixture B (Araldite mixture with 2% accelerator). On the following 
day, a new mixture B was used to fill half of the embedding forms. Identification tags were 
placed at the bottom side, and the embedding forms were filled until the top with mixture B. 
Then, samples were incubated for polymerization for 48 h at 65 °C. The following additional 
procedure was performed only for titanium and ceramics samples: after polymerization, 
titanium and ceramic were removed by treatment with hydrofluoric acid (5%) during 48 h, and 
the specimens were re-embedded in Araldite. The enamel was decalcified due to exposure in 
0.1M HCl for 4 hours, and the specimens were re-embedded in Araldite.  
As the final step, the specimens were cut in ultra-thin sections in an ultramicrotome with 
a diamond knife (Leica EM UC7, Germany) and mounted on Pioloform-coated copper grids 
and contrasted with aqueous solutions of uranyl acetate and lead citrate at room temperature. 
After an intensive wash with distilled water, biofilms could be analyzed with a TEM Tecnai 12 
Biotwin (FEI, Eindhoven, The Netherlands) under a magnification of up to 100,000-fold. 
 




For protocol 1, it was performed a qualitative assessment of the SEM pictures. While 
for protocols 2 and 3, both qualitative (SEM and TEM images) and quantitative (FM results) 
methods were applied. Regarding the quantitative evaluation, the mean values were analyzed 
using GraphPad Prism 6. The following approach was used for protocol 2 and 3: 
• Protocol 2 
o Two-way RM ANOVA with Tukey’s multiple comparisons evaluated the 
difference of the same material in the different rinsing solutions for coverage 
and viability tests; 
o Two-way RM ANOVA with Tukey’s multiple comparisons also assessed the 
difference between each material when the same solution was used to compare 
the HAP anti-adhesive properties against biofilm for each dental material. 
• Protocol 3:  
o Mann-Whitney test was performed to evaluate the differences between 
polished and non-polished titanium samples for each solution used;  
o Kruskal-Wallis test with Dunn’s correction for multiple comparisons test 
assessed differences between all polished samples in all solutions. 






















During the experiments from Protocol 2, one subject was excluded due to the acquisition 
of infectious disease and the necessary use of antibiotics. The disease was not related to the 
experiments. Therefore, the evaluations for Protocol 2 was made with a total of 4 subjects. 
 
4.2 Morphological and ultrastructural characterization of the hydroxyapatite 
particles 
The particles’ size and shape of each hydroxyapatite powder used in this study were 
analyzed by SEM (Figure 16, Figure 18, Figure 20) and TEM (Figure 17, Figure 19, Figure 21). 
The results for HAP I are shown in Figure 16 and Figure 17; Figure 18 and Figure 19 show the 
results for HAP II, and Figure 20 and Figure 21 reveal the characteristics of HAP III. The results 
of size measurements show that there is a variation of sizes for all products involved. HAP I 
and HAP II had a small size range, presenting a certain uniformity in the size of their particles. 
HAP I had particles ranging from 30 to 70 nm (Figure 16, Figure 17), while the size of HAP II 
particles ranged from 60 to 120 nm (Figure 18, Figure 19). HAP III had the biggest size 
variation, ranging from approximately 50 nm to particles even bigger than 1 µm (Figure 20, 
Figure 21). 
Concerning the shape characteristics of the HAP powder, SEM and TEM confirmed the 
crystallite-like structures of the HAP I and HAP II particles (Figure 16 - 19). Figure 20 shows 
a majority of round-shaped particles for HAP III, but on the TEM figure (Figure 21), non-
globular structures are also present. Thus, HAP III is composed of globular and a few non-
globular particles with a significant size variation. Additionally, besides their different sizes 
and configuration, all of the three different hydroxyapatites tended to aggregate in aqueous 
solution, forming aggregates in different sizes and irregular shapes (Figure 16, 18, 20). 
Individual particles were more frequently seen in the HAP III solution, presenting a clear round-
shaped conformation (Figure 20). HAP I and II rarely allowed observing individual crystallites 
when in watery solution (Figure 16, Figure 18).
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Figure 16 SEM micrographs at 20,000 (a) and 40,000-fold (b) magnifications from HAP I powder immersed 
in water solution. (a) The HAP particles formed agglomerates, delimited in white, which consist of single 
nanosized particles (white arrow). (b) Using the SEM measurement tool, it was possible to measure the size 
of single particles. It was visualized that the particles from HAP I ranged from 30 to 70 nm, approximately. 
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Figure 17 TEM micrographs at 68,000 (a) and 98,000-fold (b) magnifications from HAP I powder immersed 
in water solution. TEM provided the visualization of the particle´ shape. The particles tend to form aggregates 
in different sizes and conformations (delimited in white), which are composed by single particles presenting 
an elongated needle-like structure (white arrows).  Figure 17a published in NOBRE et al., 2020. 
b 
a 
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Figure 18 SEM micrographs at 20,000 (a) and 40,000-fold (b) magnifications from HAP II powder immersed 
in water solution. (a) HAP II particles formed dense and homogeneous agglomerates. (b) The size of the 
single particles ranged from 60 to 120 nm, approximately. Figure 18a published in NOBRE et al., 2020. 
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Figure 19 TEM micrographs at 68,000 (a) and 98,000-fold (b) magnifications from HAP II powder 
immersed in water solution. HAP II particles have a similar arrangement as HAP I. However, the 
agglomerates present a denser conformation, which can be confirmed by the black areas highlighted by the 
white circles. These areas represent single particles that are overlapped. The white arrows are pointing to 
the needle-shaped single particles. Figure 19a published in NOBRE et al., 2020. 
a 
b 
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Figure 20 SEM micrographs at 20,000 (a) and 40,000-fold (b) magnifications from HAP III powder 
immersed in water solution. (a) The single particles can be easily identified (white arrows) and they are 
present scattered across the surface, as well as united in clusters (highlighted by white circle line). (b) The 
single particles from HAP III present a highly variable size, with a range from 50 nm to 1 µm, 
approximately.  Figure 20a published in NOBRE et al., 2020. 
a 
b 
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Figure 21 TEM micrographs at 68,000 (a) and 98,000-fold (b) magnifications from HAP III powder 
immersed in water solution. TEM micrographs provided the visualization of HAP III particles. There are 
not only globular, but also non-globular shaped particles (white arrows) with different electron density. 
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As mentioned before, hydroxyapatite is a calcium-phosphate compound, therefore 
mostly composed of calcium (Ca) and phosphate (P) elements. EDX images of particles clusters 
(Figure 22) show that the red selected area in the three pictures presents high peaks of Ca and 
P, which are compounds present in the hydroxyapatite molecule (Ca10(PO4)6(OH)2). Oxygen 
(O) is present in high levels due to the water medium in addition to being compound of the 
hydroxyapatite particle. The presence of carbon (C) is justified by the carbon sputter-coating 



















Figure 22 EDX analysis of the tested hydroxyapatite powders immersed in water solution: HAP I, HAP II 
and HAP III. The element analysis took place within the red window, and it was made at 5,000-fold 
magnification. The presence of Ca and P peaks indicate the presence of the hydroxyapatite particle. (Wt% 
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4.3 Hydroxyapatite adherence to the pellicle 
Protocol 1 was performed to evaluate the capability of adhesion of the applied HAP 
particles to the oral pellicle formed on the different dental materials (enamel, titanium, ceramic 
and PMMA).  
Beforehand, it is important to understand the characteristics of each surface after the 
polishing process and before performing the intraoral exposure. 
- The enamel surface (Figure 23a) is characterized by scratches, from the 
polishing procedures, arranged in parallel to each other, according to the enamel 
crystals organization. The small grains present in this figure may represent 
debris from the polishing process, which were not properly removed.  
- The titanium surface (Figure 23b) also present scratches, however they are not 
well defined and not well organized; being present in several directions.  
- Differently, the ceramic sample (Figure 23c) present a smooth surface with 
discreet scratches.  
- The PMMA surface (Figure 23d), on the other hand, has a surface with a 
different arrangement. To prepare the PMMA resin, two compounds are mixed: 
the monomer and the powder polymer, which is composed by pre-polymerized 
PMMA round-shaped particles. After the autopolymerising process, some pre-
polymerized particles are not well dissolved. They are, therefore, embedded in 
the cured resin structure (Figure 24).  These particles are embedded in the resin 
in a disorganized manner, being present at different depths. Thus, during the 
polishing, these grain structures will be polished as well, creating the craters-
like configurations over the entire surface visible in Figure 23d and in the 





































Figure 24 Illustration of PMMA resin preparation and further configuration after polishing. The blue circles inside 
the rectangle represent the remaining pre-polymerized PMMA particles embedded into the cured resin structure.  
Figure 23 SEM micrographs at 5,000-fold magnifications of the dental materials used in this experiment (without 
oral exposure): enamel (a), titanium (b), ceramic (c) and PMMA (d). (a) The circles highlight the grains present 
on the enamel surface, possible representing debris from the polishing process. (b) and (c): The arrows point to 
scratches over the titanium and ceramic surfaces, respectively, resulting from the polishing procedures. (d) The 
circle delimitates the “crater-like” structure commonly visible on the PMMA surfaces, which could be a 
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4.3.1 HAP particles adherence on pellicle-covered enamel 
 Pellicle formation over 2 h on the control samples, enamel specimens rinsed with water, 
is shown in Figure 25. The Figure 26, 27 and 28 demonstrate the adherence of HAP particles 
after rinsing with the watery solutions of HAP I, II and III, respectively.  
After exposure to the oral cavity, the SEM micrographs from the enamel sample showed 
that it was already possible to detect a thin pellicle with globular structures on the surface even 
after three minutes of intraoral exposure followed by a water rinse (Figure 25a). The scratches 
from the enamel surface were masked by these globular-shaped particles, which represent the 
salivary proteins from the acquired pellicle. Over time, the thickness and coverage area of this 
globular film increased, masking even more the enamel surface (Figure 25b). A homogeneous 
and globular pellicle was visible on the enamel after 2 h (Figure 25c).  
Immediately after rinsing with any hydroxyapatite solution (HAP I, HAP II, HAP III) 
there was a distinct change of the surface’s morphology. Besides the presence of the proteins 
from the acquired pellicle, the enamel surfaces were heterogeneously covered with 
hydroxyapatite particles and clusters with large variations of size and shapes (Figure 26, Figure 
27a, Figure 28a). HAP I and HAP II presented bigger cluster structures with sizes up to 4 µm, 
whereas HAP III revealed a more homogeneous coverage distribution immediately after rinsing 
with the HAP solutions. 
On the specimens removed from the splints thirty minutes after rinsing, the same pattern 
was observed for the three tested HAP solutions: the number of adhered hydroxyapatite 
particles decreased compared to the pattern immediately after rinsing. Small clusters and single 
particles could be seen dispersed over the enamel surfaces (Figure 26b, Figure 27b, Figure 28b). 
  Finally, 2 h after rinsing with the HAP solutions, the enamel surfaces are characterized 
by a globular network-like pellicle coverage. The HAP particles are integrated within the 
pellicle, hampering the differentiation between the HAP particles and the proteins from the 
pellicle. Smaller hydroxyapatite particles were visible on the enamel surfaces, and small 





















Figure 25 SEM micrographs at 10,000-fold 
magnifications of enamel samples after rinsing 
with water according to protocol 1. The pellicle 
formation and progression are visible at three 
different time-points: immediately (a), 30 min 
(b) and 2 h (c) after rinsing. The white arrows are 
pointing to the globular structures from the 
acquired pellicle. 




























































Figure 26 SEM micrographs at 5,000-fold 
magnifications of enamel samples after 
rinsing with HAP I according to protocol 1. 
Clusters (white asterisks) and 
hydroxyapatite agglomerates (white 
circles) are visible at three different time-
points: immediately (a), 30 min (b) and 2 h 
(c) after rinsing. The particles are over the 
globular 2 h-pellicle layer. Adherent HAP 
particles decrease with increasing intraoral 
exposure time. Figure 26 published in 
NOBRE et al., 2020. 































































Figure 27 SEM micrographs at 5,000-fold 
magnification of enamel samples after 
rinsing with HAP II according to protocol 1. 
(Hydroxyapatite clusters white asterisks) 
and agglomerates (white circles) are visible 
at three different time-points: immediately 
(a), 30 min (b) and 2 h (c) after rinsing. The 
particles are over the globular 2 h-pellicle 
layer. Adherent HAP particles decrease with 
increasing intraoral exposure time. Figure 






























































Figure 28 SEM micrographs at 5,000-fold 
magnifications of enamel samples after 
rinsing with HAP III according to protocol 1. 
Hydroxyapatite particles (white arrows), 
clusters (white asterisk) and agglomerates 
(white circles) are visible at three different 
time-points: immediately (a), 30 min (b) and 
2 h (c) after rinsing. The particles are over the 
globular 2 h-pellicle layer. Adherent HAP 
particles decrease with increasing intraoral 
exposure time. Figure 28 published in 
NOBRE et al., 2020. 
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4.3.2 HAP particles adherence on pellicle-covered titanium 
Pellicle formation over 2h on the control samples, titanium specimens rinsed with water, 
is shown in Figure 29. The Figure 30, 31 and 32 demonstrate the adherence of HAP particles 
after rinsing with the watery solutions of HAP I, II and III, respectively. 
The globular structures representing the proteins from the three minutes pellicle are 
visible in small quantity over the titanium surface, which was removed from the splint 
immediately after the rinsing with the water solution (Figure 29a).  As with enamel, the number 
of proteins present on the titanium surface increased after  30 minutes (Figure 29b) and after 2 
h (Figure 29c) of intraoral exposure after rinsing with water solution, leaving a homogeneous 
pellicle coverage on the titanium surface.  
When the volunteers used the HAP rinsing solutions, some differences between the HAP 
formulations were present. The titanium samples that were removed immediately after the 30 
seconds rinse followed a similar pattern for all three HAP solutions: the nanoparticles were 
randomly distributed over the samples’ surface, as single particles, and forming clusters and 
aggregates (Figure 30a, Figure 31a, Figure 32a). HAP III had a higher amount of particles 
covering the titanium surface immediately after rinsing in comparison with HAP I and HAP II 
(Figure 32a). 
Thirty minutes after rinsing, the number of adhered particles decreased, and more 
dispersed particles and small aggregates could be seen (Figure 30b, Figure 31b, Figure 32b). 
Several particles from HAP II and HAP III were accumulated in retention areas from the 
titanium surface (Figure 31b and Figure 32b). Surprisingly, almost all nanoparticles were 
washed out on titanium samples rinsed with HAP I (Figure 30b).   
After two hours of exposure to the HAP solutions, HAP II and III solutions were more 
effective in adhering to the titanium samples, while the hydroxyapatite particles from HAP I 
were almost absent. On Figure 31c, it is possible to visualize elongated and bridge-like 
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Figure 29 SEM micrographs at 10,000-fold 
magnifications of titanium samples after 
rinsing with water. Pellicle formation is 
visible at three different time-points: 
immediately (a), 30 min (b) and 2 h (c) after 
rinsing. The white arrows are pointing to 

























































Figure 30 SEM micrographs at 5,000-fold 
magnifications of polished titanium samples 
after rinsing with HAP I according to 
protocol 1. Hydroxyapatite clusters (white 
asterisks) and agglomerates (white circles) 
are visible at three different time-points: 
immediately (a), 30 min (b) and 2 h (c) after 
rinsing. HAP I particles were present in low 
amount on titanium surfaces 2 h after rinsing. 
Figure 30 published in NOBRE et al., 2020. 






























































Titanium – HAP II 
 
Titanium – HAP II 
 
Titanium – HAP II 
 
Titanium – HAP II 
Figure 31 SEM micrographs at 5,000-fold 
magnifications of polished titanium samples 
after rinsing with HAP II. Hydroxyapatite 
clusters (white asterisks) and agglomerates 
(white circles) are visible at three different 
time-points: immediately (a), 30 min (b) and 
2 h (c) after rinsing.  (b) The retention area 
delimited by the red ellipse is an area where 
HAP particles tend to accumulate. (c) Bridge-
like structures (white arrow) are visible 
connecting not only the HAP particles to each 
other, but also connecting the HAP particles 
to the proteins from the pellicle. Figure 31 




























































Titanium – HAP III 
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Titanium – HAP III 
Figure 32 SEM micrographs at 5,000-fold 
magnifications of polished titanium samples 
after rinsing with HAP III. Hydroxyapatite 
single particles (white arrow), clusters (white 
asterisks) and agglomerates (white circles) 
are visible at three different time-points: 
immediately (a), 30 min (b) and 2 h (c) after 
rinsing. Micrograph “b” shows HAP III 
particles accumulated on retention areas 
(highlighted in red) from the titanium 
surface. The particles are over the globular 2 
h-pellicle layer. Figure 32 published in 
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4.3.3 HAP particles adherence on pellicle-covered ceramic 
Pellicle formation over 2h on the control samples, ceramic specimens rinsed with water, 
is shown in Figure 33. The Figure 34, 35 and 36 demonstrate the adherence of HAP particles 
after rinsing with the watery solutions of HAP I, II and III, respectively. 
The progression of the pellicle formation on ceramic samples rinsed with water was 
similar to the findings on enamel and titanium surfaces. During this two-hour experiment, there 
was an increasing number of globular particles covering the smooth ceramic surface over time, 
until the formation of a homogeneous and multilayer proteinaceous coverage after 2 h (Figure 
33).  
The characteristics of the HAP particles distribution immediately after rinsing was not 
different for the ceramic samples as compared to enamel and titanium samples.  The Figure 
34a, 35a and 36a reinforces the propensity of the particles present in the HAP I, HAP II and 
HAP III solutions to aggregate and form clusters in different sizes and shapes.  
Thirty minutes after rinsing, the number of adhered particles decreased. Clusters with 
more than 5 µm size were still present at this stage when HAP II or HAP III were applied. 
While the hydroxyapatite particles from HAP II were more disperse, the particles from HAP I 
and  HAP III formed a more homogeneous coverage on their respective ceramic surfaces 
(Figure 34b, Figure 35b, Figure 36b).   
Finally, 2 h after rinsing, in most of the cases, even smaller particles were visible on 
those surfaces, and clusters were still visible (Figure 34c, Figure 35c, Figure 36c). The amount 
and the size of the hydroxyapatite clusters on each material surface decreased over time, except 
for HAP II (Figure 35c). The SEM results showed that ceramic samples had a lower HAP 
deposition after 2 h when compared to the other materials. Figure 36c shows that, after 2 h, 
particles from HAP III were mostly accumulated on surface irregularities caused by the 































































Ceramic – Control 
 
Ceramic – Control 
 
Ceramic – Control 
 
Ceramic – Control 
Figure 33 SEM micrographs at 10,000-
fold magnifications of ceramic samples 
after rinsing with water. Pellicle structures 
are visible at three different time-points: 
immediately (a), 30 min (b) and 2 h (c) 
after rinsing. The progression of the 
pellicle formation is visible, and it is 
characterized by an increasing number of 
globular structures over time.  
Globular pellicle 
Globular pellicle 





















































Figure 34 SEM micrographs at 5,000-fold 
magnifications of ceramic samples after rinsing 
with HAP I. Hydroxyapatite clusters (red and 
white asterisks) and agglomerates (white circles)  
are visible at three different time-points: 
immediately (a), 30 min (b) and 2 h (c) after 
rinsing. (a) Clusters bigger than 5 µm (red 
asterisk) are visible immediately after rinsing 
with HAP I on the ceramic surface. (b) After 30 
min of rinsing, there were HAP particles 
aggregates (white circles) covering the ceramic 
surface. The particles are over the globular 2 h-






































































Ceramic - HAP II  
 
Ceramic - HAP II  
 
Ceramic - HAP II  
 
Ceramic - HAP II  
Figure 35 SEM micrographs at 5,000-fold 
magnifications of ceramic samples after rinsing 
with HAP II. Hydroxyapatite, clusters (white 
asterisks) and agglomerates (white circles) are 
visible at three different time-points: 
immediately (a), 30 min (b) and 2 h (c) after 
rinsing. The presence of clusters was a common 
finding on ceramic surfaces after rinsing with 






























































Ceramic - HAP III 
 
Ceramic - HAP III 
 
Ceramic - HAP III 
 
Ceramic - HAP III 
Figure 36 SEM micrographs at 5,000-fold 
magnifications of ceramic samples after rinsing 
with HAP III. Hydroxyapatite single particles 
(white arrow), clusters (white asterisks) and 
agglomerates (white circles) are visible at three 
different time-points: immediately (a), 30 min (b) 
and 2 h (c) after rinsing. Highlighted in red on 
micrograph “c”, the hydroxyapatite particles were 
also accumulated on the irregularities of the 
ceramic surface. Adherent HAP particles decrease 
with increasing intraoral exposure time. Figure 36 
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4.3.4 HAP particles adherence on pellicle-covered PMMA 
Pellicle formation over 2h on the control samples, PMMA specimens rinsed with water, 
is shown in Figure 37. The Figure 38, 39 and 40 demonstrate the adherence of HAP particles 
after rinsing with the watery solutions of HAP I, II and III, respectively. 
Despite the characteristic surface texture of PMMA with integrated round-shaped 
prepolymerized particles, it is clear that the pattern of the acquired pellicle formation was also 
repeated for this material and similar to the three previous materials: enamel, titanium and 
ceramics. The amount of globular structures on PMMA surface gradually increased after three 
minutes of intraoral exposure followed by a water rinse over 2 hours (Figure 37).  
Immediately after the mouthwash with the 5% HAP solutions, the nanoparticles were 
randomly distributed covering more than 40% of the PMMA surfaces (Figure 38a, Figure 39a, 
Figure 40a). In PMMA samples rinsed with HAP I the presence of clusters was higher than in 
samples rinsed with HAP II or HAP III (Figure 38-40).  
 Thirty minutes after rinsing, the number of adhered particles decreased, but was still 
higher than on the other tested materials (Figure 38b, Figure 39b, Figure 40b). Two hours after 
rinsing, single as wells as clustered hydroxyapatite particles could be detected on the PMMA 
surfaces (Figure 38c, Figure 39c, Figure 40c). The surface rinsed with HAP III solution had the 
less homogeneous coverage (Figure 40c).  
Compared to the other materials, higher amounts of hydroxyapatite particles were found 
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Figure 37 SEM micrographs at 10,000-fold 
magnifications of PMMA samples after 
rinsing with water. Pellicle formation is 
visible at the three different time-points: 
immediately (a), 30 min (b) and 2 h (c) after 
rinsing. The progression of the pellicle 
formation is visible, and it is followed by the 
increasing number of globular structures 
over time. 
Globular pellicle 







































Figure 38 SEM micrographs at 5,000-fold 
magnifications of PMMA samples after rinsing 
with HAP I. Hydroxyapatite clusters (white 
asterisks) and agglomerates (white circles) are 
visible at three different time-points: 
immediately (a), 30 min (b) and 2 h (c) after 
rinsing. Clusters with various sizes and shapes 
were present at all time points on PMMA 
surfaces rinsed with HAP I solution. Figure 38 
published in NOBRE et al., 2020. 
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PMMA - HAP II  
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PMMA - HAP II  
Figure 39 SEM micrographs at 5,000-fold 
magnifications of PMMA samples after 
rinsing with HAP II. Hydroxyapatite 
clusters (white asterisks) and agglomerates 
(white circles) are visible at three different 
time-points: immediately (a), 30 min (b) 
and 2 h (c) after rinsing. Figure 39 








































PMMA - HAP III 
 
Figure 40 SEM micrographs at 5,000-fold 
magnifications of PMMA samples after 
rinsing with HAP III. Hydroxyapatite single 
particles (white arrows), clusters (white 
asterisks) and agglomerates (white circles) 
are visible at three different time-points: 
immediately (a), 30 min (b) and 2 h (c) after 
rinsing. Figure 40 published in NOBRE et 
al., 2020. 
* 
* Globular pellicle 
* 
* 
Results – HAP adherence to the pellicle 
67 
 
4.3.5 Additional observations considering the adherence of HAP particles to the pellicle-
covered surfaces 
Results obtained after performing the experiments according to protocol 1 indicate that 
scattered single hydroxyapatite particles from the three HAP solutions were visible on all 
materials surface two hours after rinsing with to the respective solutions. Higher SEM 
magnification was used to visualize the possible interactions between the accumulated nano-
HAP and the pellicle that covered each substrate surface. Interestingly, when the hydroxyapatite 
containing solutions were applied, it was possible to observe connective structures between 
these particles and the pellicle formed on enamel, titanium and PMMA surfaces after 2 h of 
rinsing with the respective solutions (Figure 41). On ceramics, these connective structures could 
not be detected.  
Furthermore, in the experiments according to protocol 2, it was found that particles from 
all hydroxyapatite solutions tested were present on all samples even 12 h after the last 30s 
rinsing (Figure 42 and  Figure 43). It was possible to detect HAP particles on the pellicle-
covered surface of each material after the two-times rinsing with the HAP solution during the 
24 h oral exposure. Furthermore, these figures show that hydroxyapatite nanoparticles may 
adhere not only to the pellicle surface, but also to the bacterial surface. 
Finally, Figure 44, from protocol 3, shows that hydroxyapatite particles and aggregates 
(HAP II) could be detected randomly on the Ti surface after 48 h of intraoral exposure, when 
rinsing each 12 h with the HAP II test solution. EDX analysis endorsed the SEM results, 















Figure 41 SEM micrograph at 20,000-fold magnification showing connective structures between HAP II particles  and 
the pellicle-covered titanium surface (a) and HAP III and the pellicle-covered enamel surface (b) 2 h after oral exposure 
to these HAP solutions. The HAP particles are in direct contact with globular structures from the acquired pellicle, 
showing a high affinity to the salivary proteins. Arrows point to connective bridges between the HAP particles and 
between the HAP particles and the pellicle. Figure 41 published in NOBRE et al., 2020. 
a 
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Figure 42 SEM images at 20,000-fold magnifications from enamel and PMMA samples after 24 h of intraoral exposure and two times rinsing with HAP I, HAP II and HAP III. The 
pink color on those micrographs show the hydroxyapatite particles, which were accumulated not only on enamel and PMMA surfaces but were also detected on top of the bacteria. The 
yellow color represents the adhered bacteria community, composed mostly by coccoid specimens. Also, in yellow, there are bridge-like structures (white arrows) connecting the bacteria 
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Figure 43 SEM micrographs at 20,000-fold magnifications from titanium and ceramic samples after 24 h of intraoral exposure and two times rinsing with HAP I, HAP II and HAP III. 
The pink color represents the hydroxyapatite particles, which were accumulated on titanium and ceramic surfaces. Single bacteria and bacterial colonies were detected (highlighted in 






















































Figure 44 SEM images at 10,000-fold magnifications allowed the visualization of hydroxyapatite particles (HAP II) which 
accumulated the titanium surfaces. The element analysis took place within the red window on micrographs “a” and “c”.  
Higher values of P and Ca detected by the EDX analysis (b) confirmed the presence of hydroxyapatite. Low percentages of 
P and Ca, as well as the high Ti percentage (d), corroborated to this result as a negative control, showing the presence of only 
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4.4 HAP solutions effects on the 24-h biofilm 
4.4.1 BacLight assay: biofilm coverage and viability 
After 24 h of intraoral exposure, biofilms were present on all samples (Figure 45-48). 
Fluorescence microscopic investigations of the 24-h biofilm allowed bacterial coverage 
visualization and differentiation between live (green) and dead (red) bacteria cells. The black 
background area on the following FM micrographs represents the respective material surfaces, 
which are not stained. 
Regarding the biofilm coverage analysis, samples rinsed with water presented a 
significant denser biofilm than samples rinsed with any other solutions tested (p < 0.0001) 
(Figure 49). A nearly homogeneous coverage with mostly green cells was present on enamel, 
ceramic and PMMA samples rinsed with water (Figure 45, Figure 47, Figure 48). On titanium, 
the bacterial cells covered more than 50% of the surface (Figure 46). On the contrary, a 
significantly lower number of bacteria was detected when CHX rinse was applied compared 
with the negative control (p = 0.0099) (Figure 49). Most samples treated with the HAP solutions 
showed lower biofilm coverage, without a significant difference from the CHX rinsed samples, 
except for titanium and ceramic samples rinsed with HAP III (Figure 49). The differences 
considering biofilm formation on the different the materials applied in this study after rinsing 
with the HAP solutions were subtle. Enamel, titanium and ceramics specimens presented a 
lower quantity of bacteria than PMMA for all HAP solutions (Figure 49).   
Regarding the biofilm viability results, the samples rinsed with any of the HAP solutions 
had a higher number of live bacteria, represented by the green shapes on Figures 45 to 48. The 
living cells were mostly detected within small islands surrounded by dead single cells or small 
aggregates of dead cells (Figure 45-48). Such result revealed significant differences when 
compared with the samples rinsed with CHX (p < 0.0001), where most bacteria were dead (red) 
(Figure 50). However, no significant difference was found between the samples rinsed with the 
HAP solutions and the samples rinsed with water. Thus, both solutions presented a majority of 
living cells, stained in green (Figure 45-48, Figure 50).  
Additionally, independent of the solution used as mouthrinse, there was no significant 
difference in bacteria viability between the applied materials, when the same rinsing solution 
was used (Figure 50).  















































Figure 45 Fluorescence microscopic investigation of 
Live/Dead stained 24-h biofilm on enamel slabs after two 
times rinsing with HAP I, HAP II, HAP III, CHX and water. 
Water control was densely covered with live cells and a few 
single dead cells. The specimens rinsed with CHX presented 
mostly dead bacteria, but also some green colonies were 
visible. HAP samples presented a similar pattern, with 
mainly living bacteria, but surrounded by single dead cells or 
small colonies of dead cells. They had a lower biofilm 
























































Figure 46 Fluorescence microscopic investigation of 
Live/Dead stained 24-h biofilm on titanium after two times 
rinsing with HAP I, HAP II, HAP III, CHX and water. The 
quantity of bacteria on titanium samples was lower than on 



















































HAP I HAP II HAP III 
Water CHX 
Figure 47 Fluorescence microscopic investigation of 
Live/Dead stained 24-h biofilm on ceramic after two times 
rinsing with HAP I, HAP II, HAP III, CHX and water. As on 
titanium samples, lower numbers of bacteria were found on 
ceramic slabs, when compared to enamel and PMMA. Green 
islands of bacteria surrounded by red single cells were 

























































HAP I HAP II HAP III 
Water CHX 
Figure 48 Fluorescence microscopic investigation of the 
Live/Dead stained 24-h biofilm on PMMA after two times rinsing 
with HAP I, HAP II, HAP III, CHX and water. These samples 
presented slightly more bacteria than all the other materials. 
Colonies of living bacteria are also visible when chlorhexidine 
was applied (white arrows). The superficial layer of the PMMA 
surface was usually stained in red or in green, which is visible on 
micrographs from HAP II and CHX. The white circle delimitates 
























































*     p ≤ 0,05 
**   p > 0,05 
 
 
*     p ≤ 0,05 
**   p > 0,05 
 
Figure 49 24-h biofilm coverage on different dental material samples. Samples rinsed with water presented a significant 
denser biofilm than samples rinsed with any other solutions tested (p < 0.0001). A significantly lower number of bacteria 
was detected when CHX rinse was applied compared with the negative control (p = 0.0099). Most samples treated with 
the HAP solutions showed lower biofilm coverage, without a significant difference from the CHX rinsed samples, except 
for titanium and ceramic samples rinsed with HAP III. Enamel, titanium and ceramics specimens presented a lower 
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*     p ≤ 0,05 
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Figure 50 Bacteria viability results of the 24-h biofilm formed on different dental materials. There was a significant 
difference when comparing the samples rinsed with any of the HAP solutions with the samples rinsed with CHX (p 
< 0.0001), where most bacteria were dead. However, no significant difference was found between the samples rinsed 
with the HAP solutions and the samples rinsed with water. Additionally, independent of the solution used as 
mouthrinse, there was no significant difference in bacteria viability between the applied materials, when the same 
rinsing solution was used. 
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4.4.2 Scanning electron microscopy 
In protocol 2, the SEM analyses were performed on four different polished surfaces: 
enamel, titanium, ceramic, and PMMA previously presented on Figure 23. After 24 h of 
intraoral exposure, the in situ formed biofilm consisted mainly of coccoid bacteria, independent 
of the dental material or solution used (Figures 51-54). A few rod-shaped bacteria were detected 
on titanium samples rinsed with water (Figure 52). 
The micrographs presented in Figures 51-54 showed that the SEM investigations 
confirmed the results from the fluorescence microscopic analysis. SEM results also detected a 
dense and multilayered biofilm on samples rinsed with water. On the other hand, when CHX 
was applied, only a few isolated bacteria, small bacterial conglomerates or no bacterial cells 
were visualized (Figures 51-54). Specimens rinsed with any of the HAP solutions revealed 
considerably less biofilm than the water rinsed control samples. This biofilm was usually 
present in colonies over the surfaces (Figures 51-54). Hydroxyapatite particles were often 
detected on top of some bacterial cells (Figures 51-54). Furthermore, the PMMA samples 
presented more biofilm on their surface in comparison to the other materials (Figure 54).  
Additionally, SEM evaluation at higher magnifications enabled a better visualization of 
a bridge-like structure, indicating a possible interaction between the hydroxyapatite particles 
and bacterial cells (Figure 55). The nanoparticles were visible attached to the bacterial cells and 
























Figure 51 SEM at 10,000-fold magnification shows the 
variation of biofilm amount on the enamel surface after 24 h 
of intraoral exposure and two times rinsing with HAP I, HAP 
II, HAP III, CHX and water. The yellow color represents 
coccoid shaped bacteria. The pink color represents the HAP 
particles. The grey color represents the material surface 
covered with a thick 24-h pellicle, and possibly with HAP 
particles on top on samples rinsed with the HAP solutions. It 
was not possible to distinguish the pellicle’s globular particles 
from the small agglomerates of hydroxyapatite.  
 































Figure 52 SEM at 10,000-fold magnification shows the 
variation on biofilm amount on the titanium surface after 24 h 
of intraoral exposure and two times rinsing with HAP I, HAP 
II, HAP III, CHX and water. The yellow color represents the 
coccoid shaped bacteria. The pink color represents the HAP 
particles. The grey color represents the material surface 
covered with a thick 24-h pellicle, and possibly with HAP 
particles on top on samples rinsed with the HAP solutions. 































Figure 53 SEM at 10,000-fold magnification shows the 
variation on biofilm amount on the ceramic surface after 24 h 
of intraoral exposure and two times rinsing with HAP I, HAP 
II, HAP III, CHX and water. The yellow color represents the 
coccoid shaped bacteria. The pink color represents the HAP 
particles. The grey color represents the material surface covered 
with a thick 24-h pellicle, and possibly with HAP particles on 
top on samples rinsed with the HAP solutions. 


















Figure 54 SEM at 10,000-fold magnification shows the 
variation on biofilm amount on the PMMA surface after 24 h of 
intraoral exposure and two times rinsing with HAP I, HAP II, 
HAP III, CHX and water. Bacterial colonies were also visible 
on samples rinsed with CHX. They were located in retention 
areas of the PMMA surface. The yellow color represents the 
coccoid shaped bacteria. The pink color represents the HAP 
particles. The grey color represents the material surface covered 
with a thick 24-h pellicle, and possibly with HAP particles on 
top on samples rinsed with the HAP solutions. 







































Figure 55 SEM at 20,000-fold magnification of 
HAP I (a), HAP II (b) HAP III (c) particles on the 
24-h biofilm formed on enamel, under the effect of 
two times rinsing with the respective HAP 
solutions. The micrographs show the accumulation 
of HAP particles on the bacteria surface. It is also 
visible the bacteria-hydroxyapatite interaction 
through the presence of connective structures 











4.4.3 Transmission electron microscopy 
First, it was unviable to analyze the PMMA samples by TEM. It was not possible to 
visualize any structure by TEM microscopy with the methodology applied. The biofilm 
structures might have been dissolved in the aceton-Araldite mixture during the embedding 
procedure. Therefore, TEM evaluation was performed only with enamel, titanium, and ceramics 
samples.  
Samples rinsed with water showed the typical 24-h pellicle ultrastructure with an 
electron-dense basal layer and a granular second layer (Figure 56). Depending on the materials 
applied (enamel, titanium, ceramics), some differences in the characteristics of the pellicle’s 
ultrastructure were visible (Figure 56). Pellicle layers formed on enamel samples presented a 
heterogeneous, diffuse and not well-defined basal layer, while this same layer on ceramics and 
titanium samples was thicker and appeared as a clear line in contact with the material surface 
(Figure 56). On enamel, the granular second outer layer was a thick and loose structure, while 
on ceramics, the outer layer was also thick, but very compact (Figure 56). On titanium, this 
second layer was thin and very dispersed (Figure 56). Another similar point on all samples 
rinsed with water was the presence of a mono or double layer of integrated bacteria on top of 
the pellicle’s outer layer, representing the 24-h biofilm. It was possible to visualize filiform 
structures around the bacteria, representing their mechanism of adhesion.  
When HAP I (Figure 57), HAP II (Figure 58) or HAP III (Figure 59) were used as 
rinsing solutions, the samples followed a similar pattern concerning the pellicle’s basal and 
outer layer on each material. Additionally, there were peculiarities concerning each 
hydroxyapatite solution. Biofilm samples rinsed with HAP I or HAP II presented some black 
spots randomly scattered on their surfaces, which could represent residues from single particles 
and clusters of hydroxyapatite nanoparticles (Figure 57 and Figure 58). Differently, on all 
samples rinsed with HAP III brighter and round-shaped “empty” structures were detected 
(Figure 59). These structures might be the hydroxyapatite particles that were dissolved during 
the TEM processing (Figure 59). Furthermore, most of the bacteria presented changes on their 
inner morphology, containing these same brighter and round-shaped structures of low electron 
density (Figure 59). 




In contrast, when CHX was applied (Figure 60), a similar pellicle ultrastructure was 
present on enamel, titanium, and ceramics. The basal and the second layers were thicker (c. 300 
– 2000 nm) and more electron-dense without the presence of adherent bacteria (Figure 60).   




















Figure 56 TEM micrographs at 30,000-fold magnifications of a 24-h biofilm on 
enamel, titanium and ceramic surfaces after water rinsing according to protocol 2. 
Bacterial cells are adhered onto the pellicle formed on all surfaces. On the bacteria 
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Figure 57 TEM micrographs at 30,000-fold magnifications of a 24-h biofilm formed 
on enamel, titanium and ceramic surfaces after rinsing with HAP I, according to 
protocol 2. Attached bacteria are visible in lower amount on titanium and ceramic 
surfaces. The asterisks represent the pellicle`s outer layer. Some small black spots 
scattered randomly on the sample were detected. They may represent single particles 
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Figure 58 TEM micrographs at 23,000-fold (Ti) and 30,000-fold (enamel and 
ceramic) magnifications of a 24-h biofilm formed on enamel, titanium and ceramic 
surfaces after rinsing with HAP II. Attached bacteria are visible on all surfaces. The 
asterisks represent the pellicle`s outer layer. Some small black spots scattered 
randomly on the sample were detected. They may represent single particles and 
clusters of hydroxyapatite nanoparticles that were not dissolved during the TEM 














































            Pellicle`s electron dense basal layer 
* 
            Pellicle`s electron dense basal layer Figure 59 TEM micrographs at 30,000-fold (enamel and Ti) and 49,000-fold (ceramic) 
magnifications of a 24-h biofilm formed on enamel, titanium and ceramic surfaces after 
rinsing with HAP III. It is possible to visualize round-shaped structures of low electron 
density (white arrows). They might represent HAP particles that were dissolved during 
the TEM processing steps. The asterisks represent the pellicle`s outer layer.    
 
HAP III 









Figure 60 TEM micrographs at 30,000-fold magnifications of a 24-h pellicle formed on 
enamel, titanium and ceramic surfaces after rinsing with CHX according to protocol 2. 
Pellicle on all three materials present a thick basal and outer layer, with no visible 
adherent bacteria. The asterisks represent the pellicle`s outer layer.    
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4.5 Effects of HAP solutions on the 48-h biofilm formation on polished and non-
polished Ti 
Protocol 3 was applied only on titanium specimens. Microbial biofilm was formed in 
situ within 48 h on all samples, regardless of the solution used (HAP II, water or CHX). 
However, there were variations concerning the quantity of bacteria adherent to the Ti surfaces 
as well as with regard to the bacterial viability. 
4.5.1 BacLight assay: biofilm coverage 
As shown in Figure 61 and Figure 62, samples rinsed with water presented a thick 
biofilm layer, covering the majority of the Ti surfaces after 48 h. There was no significant 
difference between polished and non-polished surfaces when rinsed with water (p = 0.1587) or 
with CHX (p = 0.3413). However, differences were significant between P and NP samples with 
HAP II (p = 0.0079) rinsing, with NP samples presenting a thicker coverage. 
 Furthermore, another predictable result was the significantly lower bacterial coverage 
after treatment with CHX (0.2%), when compared with the water rinse (p = 0.0215) on polished 
samples. Interestingly, similar results were achieved comparing the HAP II test solution and 
water (p = 0.0485), but with no significant difference between HAP II and CHX rinsed samples 
(p > 0.9999), with samples rinsed with both solutions presenting lower biofilm coverage. 
4.5.2 BacLight assay: biofilm viability  
ImageJ was used to analyze the biofilm viability (Figure 61, Table 3). As we can see on 
Figure 63, there was no significant difference between polished and non-polished samples 
rinsed with water (p = 0.5317) or HAP II (p = 0.5317) concerning the bacteria viability, 
presenting a majority of live bacteria. However, significantly more live bacteria could be 
observed on non-polished samples rinsed with CHX than on polished samples rinsed with the 
same solution (p = 0.0317). Regarding the polished samples, significantly more live bacteria 
could be seen after water rinsing, when compared with CHX (p = 0.0012). However, no 
significant difference between polished samples rinsed with water and with HAP II could be 
detected (p = 0.2307). Samples rinsed with CHX showed a significant reduction in the number 
of vital bacteria compared with HAP II rinsed samples (p = 0.0079) (Figure 61 and Figure 63). 
 





























Figure 61 Fluorescence microscopic investigation of Live/Dead stained biofilm allows bacterial coverage visualization and differentiation between live (green) and dead (red) bacteria. After 
48 h, non-polished samples (b,d,f) presented significantly higher amounts of adherent bacteria than polished samples (a,c,e). While the water rinsed negative controls appeared densely covered 
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Figure 62 Biofilm coverage: on the polished Ti samples (P), CHX 0.2% and HA reduced the bacterial adherence 
compared to water. There was no significant difference between the gold standard 0.2% CHX and the test 
solution of HAP II. Comparing polished (P) and non-polished samples (NP), the only significant difference was 
between samples rinsed with HAP II solution.   
Figure 63 Biofilm viability: CHX rinsing significantly reduced the number of live bacteria compared to the 
negative control (water rinsing) on polished (P, p = 0.0012) and on non-polished (NP, p = 0.0079) samples. 
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Figure 65 SEM at 10,000-fold magnification of non-polished samples rinsed with water shows a mature biofilm with cocci and 
rod-shaped bacteria species after 48 h of in situ intraoral exposure in two different volunteers.  
4.5.3 Scanning electron microscopy 
SEM analyses were performed on two types of surfaces: polished and non-polished 
titanium (Figure 64). The 48-h biofilm formed on titanium surfaces was associated 
predominantly with coccoid and rod-shaped bacteria (Figure 65). These bacteria were 
distributed randomly on the titanium surfaces as individual bacteria or colonies (Figure 65). 























Figure 64 SEM figures at 5,000-fold magnification from polished titanium discs by wet grinding with abrasive paper from 800 to 
4000 grit (a) and from original titanium specimens without polishing (b). Samples were not exposed to the oral cavity. 




The SEM investigation showed that some volunteers presented a slightly thinner biofilm 
coverage on polished samples rinsed with water, compared to the biofilm on non-polished 
samples rinsed with the same solution (Figure 66). In both cases, coccoid and rod-shaped 
bacteria were agglomerated and overlapped over each other, forming a multilayered bacterial 
coverage.  
Additionally, most Ti specimens rinsed with the water control solution presented a 
thicker and multilayered biofilm coverage, independent of the surface topography (Figure 66 





















Figure 66 SEM images at 2,000-fold 
magnification of polished (a) and non-
polished (b) Ti surfaces after 48 h intraoral 
exposure and rinsed with water. White 
arrows point to areas free of microorganisms 
on polished Ti samples. 




This pattern changed when analyzing the polished titanium samples treated with 
hydroxyapatite or chlorhexidine solutions. The titanium surface rinsed with the HAP II solution 
presented areas without biofilm and a thin biofilm with bacteria cells arranged in small colonies 
on top of a thick pellicle. Single cells were also detected over the titanium surface (Figure 67c). 
When rinsed with CHX, the titanium surface was covered by globular structures, which may 
represent a thick 48-h pellicle with damaged bacterial cells on top (Figure 67e). Very few single 
bacterial cells were detected. Therefore, SEM analysis corroborated the FM results, indicating 
that the HAP II rinsing solution reduced the amount of mature biofilm formed on polished Ti 
surfaces.  
Finally, Figure 67 also shows that regardless of the solution applied, the non-polished 
samples presented higher numbers of bacterial colonies compared to the respective polished 
sample. However, there are differences concerning the distribution of the bacteria. The samples 
rinsed with HAP II or water presented a highly dense and compact bacterial layer. On the other 
hand, samples rinsed with CHX present a monolayer of small bacterial colonies and single 
bacteria scattered over the surface. They were mainly present on retentive areas, such as pits 

































Figure 67 SEM images at 5,000-fold magnification of polished (a,c,e) and non-polished (b,d,f) Ti surfaces after 48 h intraoral exposure and rinsing with water (a,b), HAP II (c,d) 






































4.5.4 Transmission electron microscopy 
TEM micrographs at 30,000-fold also show a higher number of bacteria in samples 
rinsed with water (69). In Figure 68 and Figure 69d, some small black spots scattered randomly 
on the sample were detected. They may represent single particles and clusters of hydroxyapatite 
nanoparticles that were not dissolved during the TEM processing steps.   
At 68,000-fold, results show a similarity between HAP II and CHX rinsed samples 
concerning the thickness of the biofilm layer (Figure 69). However, on micrograph “e” a denser 
pellicle layer is visible after chlorhexidine treatment, while a more disperse layer is present on 



















Figure 68 TEM micrograph at 68,000-fold magnification of polished titanium sample after rinse with HAP II according 
to protocol 3. The pellicle ultrastructure presents an electron dense and linear basal layer, and a disperse and granular outer 
layer. There are a few black particles on top of the pellicle outer layer, which may represent the non-dissolved HAP II 






































Figure 69 TEM micrographs of 48-h biofilm at 68,000-fold (a,c,e) and 30,000-fold (b,d,f) magnifications of polished Ti samples after rinsing with water (a,b), HAP II (c,d) and CHX (e,f). White 
arrows on micrograph “d” point to probable hydroxyapatite nanoparticles. The sample rinsed with water on micrograph b present several bacteria layers, while samples rinsed with HAP II (d) and 








































5.1 Discussion of Material and Methods 
5.1.1 Use of tested specimens 
SLA grade 2 titanium discs with micro-structured topography used in the current study 
represent a common type of implant surface applied in day-by-day dental surgical procedures. 
It has various desirable properties, such as good wettability, strength, ductility, formability, 
excellent corrosion resistance, and high impact toughness. A mean roughness of 2 μm present 
in its surface structure is important to enhance the osseointegration between bone and implant 
surfaces (LI, MAI, 2017; PERRIN et al., 2002; WENNERBERG et al., 1998). However, such 
roughness can contribute to bacteria adhesion, leading to periodontal inflammation and 
periimplantitis complications (BOLLEN et al., 1996; QUIRYNEN et al., 1996).  
Feldspathic ceramic and Poly(methyl methacrylate) (PMMA) are well-consolidated 
dental materials and used by many professionals worldwide until nowadays (RASHID, 2014; 
BERTOLINI et al., 2014). Furthermore, both have essential applications in dentistry: ceramics 
can be used to manufacture crowns, bridges, and abutments; while PMMA is the most used 
resin to build a denture base and it is also used for provisional prostheses and removable partial 
dentures (BABU et al., 2015; FANG et al., 2016). Therefore, many patients may have ceramic 
restorations or prostheses with a PMMA base. Thus, it is important to investigate new methods 
to inhibit biofilm on these material surfaces. 
 Enamel was also used to compare how the hydroxyapatite solution behaves on the 
natural component of the tooth in comparison to the manufactured dental materials included. In 
this study, bovine enamel was applied. The use of human teeth for research has decreased over 
the last decades due to several factors, such as difficult standardization, difficulty to obtain 
sufficient amount and mostly due to ethical issues (MELO et al., 2015; YASSEN et al., 2011). 
Hence, the use of animal teeth came as an alternative. Bovine enamel has similarities with 
human enamel regarding mineral composition, density, and structure. Despite these similarities, 
bovine teeth can be easily obtained in large scale, and they have more uniform characteristics. 
Additionally, because of their bigger size and flatter surface, they are also easy to handle (AL-
AHMAD et al., 2013; FABRITIUS-VILPOUX et al., 2019; YASSEN et al., 2011). 




5.1.2 Adoption of intraoral removable splints 
The in situ experimental model was applied in this study due to its capacity to reproduce 
the intraoral in vivo situation. According to Hannig and Hannig (2009), the biofilm adhesion 
processes occur differently under in vitro and in vivo conditions (HANNIG, HANNIG, 2009). 
Moreover, the literature states that the in vitro pellicle is significantly different from in vivo or 
in situ pellicles due to a complex intraoral environment with a diverse oral bacterial community, 
presence of shearing forces and saliva properties (AL-AHMAD et al., 2013; VAN DER MEI 
et al., 2008; YAO et al., 2001). Another advantage of an in situ approach is that it is possible to 
analyze the bacteria in their adherent state by fluorescence microscopy (HANNIG et al., 2007). 
Therefore, the in situ model is recommended to understand the bioadhesion process properly. 
 Sectioned intraoral removable splints were applied to proceed with the in situ 
investigation. This methodology has been used in many previous studies with good results 
(HANNIG et al., 2007; HANNIG, 1997; HERTEL et al., 2016; HERTEL et al., 2017; 
KENSCHE et al., 2017). The use of splints has the advantage of stability and reproducibility, 
and do not block the saliva flow. Additionally, the acrylic appliance is a convenient method for 
subjects, due to be easily removable during mealtime or for oral hygiene purposes, not affecting 
the biofilm formation on the samples’ surfaces (AL-AHMAD et al., 2013; HANNIG, 1999a). 
The considerable small number of subjects was a limitation of this investigation. The 
materials involved and the complexity of in situ methodologies were reasons to select such 
small number of volunteers, such as in previous studies with similar methods (AL-AHMAD et 
al., 2009; HERTEL et al., 2016; HERTEL et al., 2017; JUNG et al., 2010; KENSCHE et al., 
2017). 
5.1.3 Selection of rinsing agents 
In the present investigation, HAP as 5% watery suspension was chosen as a test solution, 
while chlorhexidine 0.2% and water were positive and negative controls, respectively.  
Hydroxyapatite is a calcium phosphate ceramic that has structural and functional 
similarities to the principal mineral component in teeth. As a bioinspired material, HAP is non-
toxic and non-immunogenic (EPPLE, 2018). Kensche et al. observed that a pure hydroxyapatite 
containing mouthwash could reduce the number of adherent bacteria on enamel specimens 
exposed to the oral cavity, having comparable effects to chlorhexidine (KENSCHE et al., 2017). 
Thus, HAP may have preventive properties against bacterial adhesion. For this reason, the HAP 




solution was chosen to test its anti-adhesive properties on enamel, titanium, ceramics, and 
PMMA samples. 
According to the literature, the size and shape of the particles and aggregates may affect 
the hydroxyapatite properties and their applications, and, additionally, the size of the HAP 
particle represents a critical factor for adhesion efficiency on enamel (ELIAZ, METOKI, 2017; 
FABRITIUS-VILPOUX et al., 2019; HU et al., 2007; JIN et al., 2013). In an in vitro study, Li 
et al. proposed that crystallites of HAP with a 20 nm diameter would be the best size for nano-
HAP applications (LI et al., 2008). Kensche et al. suppose that as smaller the particle size was, 
better would be their incorporation to the pellicle and more efficient would be the anti-adhesive 
effect on the bacteria (KENSCHE et al., 2017). In the present study, three different HAP 
particles with a median size in the nanoscale were evaluated, hypothesizing that smaller 
nanoparticles would have better anti-adhesion effects. It was decided to test the hydroxyapatite 
powder that was already mentioned by Kensche et al., which contains particles with 
approximately 100 nm (HAP II) and another two powders with larger (HAP III) and smaller 
sized (HAP I) particles (Table 1) (KENSCHE et al., 2017).  
Nowadays, chlorhexidine is still the first-choice solution for prevention of dental 
biofilm formation, widely used as a broad-spectrum antiseptic. For this reason, chlorhexidine 
0.2% was chosen to be the positive control in this investigation to compare the antimicrobial 
ability of the HAP tested solution (EMILSON, 1977; JONES, 1997; VARONI et al., 2012). 
However, the long-term use of this solution is not recommended, due to adverse effects such as 
teeth staining, oral mucosal erosion, and transient taste disturbance (FLOTRA et al., 1971; 
LANG, LINDHE, 2015; QUIRYNEN et al., 2001; VARONI et al., 2012). Therefore, to achieve 
reasonable biofilm control and less adverse effects as possible, the search for new biomimetic 
materials is of utmost importance.  
5.1.4 Methods of analysis 
Biofilm coverage and viability assay 
The samples were visualized under the fluorescence microscopy (FM), scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM) to characterize the 
hydroxyapatite nanoparticles and the biofilm formation on all the surfaces after oral rinsing 
with the tested solutions. Fluorescence microscopy analysis, in association with the BacLight 
viability kit assay, is a well-established method used in many studies not only to assess biofilm 




coverage but also to distinguish vital from non-vital bacteria within the biofilm (HANNIG et 
al., 2013a; HANNIG, HANNIG, 2009; KENSCHE et al., 2017; STIEFEL et al., 2015). The use 
of this kit provides a rapid procedure for quantitative analyses that can be measured with the 
fluorescence microscope (LEUKO et al., 2004; STIEFEL et al., 2015). Moreover, with FM, it 
is possible to visualize bacteria in the state of adherence (HANNIG et al., 2007). 
The Sefexa free image segmentation tool is an open-source software, and it was adopted 
in this study to evaluate the coverage results obtained from the fluorescence microscopic 
analysis and to semi-quantify the bacterial cells on the surface of the analyzed materials. The 
software allows splitting the images from FM into two parts: bacteria cells and background. In 
this way, it is simple to evaluate the total area corresponding to the bacterial coverage and have 
an accurate and reproducible result. This method presents a small individual bias since the 
examiner must define a threshold that will determine the area occupied by the bacterial cells.  
 Two different methods evaluated the biofilm viability: scoring system and ImageJ. The 
scoring system is a practical method created for biofilm viability assessment (RUPF et al., 
2012). However, this methodology presents two negative points. One is the presence of 
individual bias, which can be reduced with a blind evaluation from two calibrated examiners. 
The second and foremost issue is that the images from FM are two dimensions images (2D); 
therefore, the dead cell layer might be overlapped by the layer of living cells, giving a 
misleading result. To overcome this problem, an open-source and image processing software 
called ImageJ was used to evaluate the vitality of the bacterial cells. The ImageJ makes it 
possible to calculate the integrated density from each channel (red and green), giving a more 
accurate measure concerning the amount of living and dead cells. There is still some individual 
bias because a threshold also needs to be set to quantify the integrated density. After statistical 
analysis, the two methods presented similar results. However, it was chosen to use the results 
obtained with ImageJ, since it offers more reliable results. 
 SEM is the preferred tool for visualizing the material surface characteristics and the 
biofilm structure, morphology, distribution and also to evaluate the process of biofilm 
formation (GOMES et al., 2017; HUNG et al., 2013). In association with TEM, it is possible to 
analyze not only the surface but also the subsurface of each material. Besides, TEM microscopy 
allows the characterization of the pellicle ultrastructure and the initial biofilm matrix structure 
(DENKHAUS et al., 2007).




5.2  Discussion of Results 
5.2.1 Qualitative results 
This study evaluated the differences of the oral pellicle and of the biofilm formation 
under the influence of water, chlorhexidine and three different hydroxyapatite-based watery 
solutions (HAP I, HAP II, HAP III) on enamel and on three different dental materials surfaces 
commonly used for oral rehabilitation: ceramics, poly(methyl methacrylate) and titanium 
(polished and non-polished). In general, the three HAP-based solutions were able to adhere to 
the pellicle and to reduce the biofilm coverage on all tested polished samples without 
compromising the bacterial vitality. Detailed information will be discussed in this and in the 
following section. 
First, according to the scarce literature in this matter, the size and shape of the 
hydroxyapatite particles may affect the HAP properties and effects (ELIAZ, METOKI, 2017; 
FABRITIUS-VILPOUX et al., 2019; HU et al., 2007; JIN et al., 2013; LI et al., 2008). 
According to Kensche et al., smaller particles would be better incorporated to the pellicle, thus 
better interfering with the bacteria adhesion (KENSCHE et al., 2017). In this study, the 
influence of the particles’ size of the selected hydroxyapatite powders could not be evaluated 
as considered when designing the study protocol. In discordance with the manufacturer’s data 
provided in Table 1, there were discrepancies in the range of the particle’ size within each 
powder, leading to a small range of size variation in-between the powders. Thus, it is important 
the search for better synthetization methodologies to standardize the size of the HAP particles. 
With respect to the shape of the hydroxyapatite particles, results showed that rounded 
and a few needle particles compose HAP III. Curiously, in the present experiment, the round 
particles adhered to all surfaces as the needle particles from HAP I and HAP II. In vitro 
experiments revealed that needle-like HAP crystallites would have better adhesion to enamel 
because they have a morphology similar to the natural enamel building units (FABRITIUS-
VILPOUX et al., 2019; LI et al., 2008). Although, another in vitro study showed that spherical 
nano-HAP particles had a great potential to remineralize the enamel (SHAFFIEY, SHAFFIEY, 
2016). To our knowledge, this is the first in situ study comparing the effects between spherical 
and crystallite-like HAP particles, and it showed that both could adhere to the pellicle formed 
on different dental materials. Regardless of the type or size, all of the three different 
hydroxyapatite SEM results showed that the particles used in this experiment tended to form 




clusters in aqueous solution (Figure 16, 18, 20; Table 1). This tendency to aggregate might be 
related to hydroxyapatite being a dipole molecule, and consequently to the Van der Waals and 
electrostatic forces in between the particles (KENSCHE et al., 2017).  
Protocol 1 evaluated the adherence efficacy of the different HAP particles to the 
acquired pellicle on different materials. The SEM images from the control samples (Figure 25, 
Figure 29, Figure 33, Figure 37) demonstrate the pellicle formation over time. According to 
Hannig and Joiner (2006), the adsorption of proteins and the salivary pellicle formation starts 
right after the material is exposed to the intraoral cavity (HANNIG, JOINER, 2006). In the 
present experiment, it is already possible to see a thin pellicle film 3 minutes after intraoral 
exposure on all tested surfaces. The protein-protein interactions continue, and a thicker and 
more homogeneous proteinaceous film is visible after 30 and 120 minutes (Figure 25, Figure 
29, Figure 33, Figure 37). Thus, the number of absorbed proteins increased over time in all 
tested samples. According to Hannig and Joiner (2006), the acquired pellicle growth reaches a 
plateau after 30-90 min, reaching its full thickness around one or two hours after oral exposure 
(HANNIG, JOINER, 2006).   
In general, after application of the HAP solutions according to protocol 1, a typical result 
was observed for all four tested samples: immediately after the rinse, big aggregates were 
present and after 30- and 120-minutes smaller clusters and individual particles in lower quantity 
were dispersed on the surfaces. This pattern can be explained by the continuous process of 
adsorption and desorption that happens in the oral cavity (HANNIG, JOINER, 2006). After 
rinsing with the HAP solutions, the particles of each powder are deposited on the material 
surface. Over time, as hydroxyapatite is soluble in the saliva, those particles are dissolved by 
the saliva, where individual intraoral shearing forces help to disrupt them into small aggregates 
and single particles, some of them are re-adsorbed by the pellicle and others are swallowed 
(Figure 70). The continuous dissolution of hydroxyapatite nanoparticles also happens.  
Additionally, bigger clusters have a larger contact area, which makes them more 
susceptible to shearing forces, and removal from the material surface. According to the 
literature, some proteins from saliva, such as histatins, have a high affinity to hydroxyapatite 
crystals present on natural teeth, starting the acquired pellicle formation process 
(VUKOSAVLJEVIC et al., 2014). We hypothesized that the same interactions might attract the 
HA particles absorbed by the saliva, initiating their attachment onto the pellicle. Further 
experiments with saliva analysis are essential to elucidate this topic.  





Figure 70 Illustrative scheme of hydroxyapatite particles breakdown due to absorption and resorption process. 
 
Interestingly, hydroxyapatite particles could be detected on all surfaces, even 12 h after 
the last rinse in protocols 2 and 3. Experiments with a longer time interval should be performed 
to evaluate the limit for this HAP accumulation related to the intraoral continuous adsorption 
and desorption processes.  
Furthermore, SEM results from protocol 1 show that ceramic samples (Figure 34 - 35) 
had slightly lower deposition of HAP after 2 h, when compared to the other materials, while 
the PMMA samples presented a higher amount of particles and clusters after the same time 
(Figure 38 - 39). The porosities and retentions areas on the  PMMA surfaces explain the 
association with higher HAP deposition and adsorption (CHEN et al., 2017; SPASOJEVIC et 
al., 2015). Also, HAP tends to accumulate in regions presenting more profound surface defects 
and irregularities, which is also visible on titanium (Figure 32b) and ceramic surfaces (Figure 
36c).  
After 2 h of oral exposure to the HAP solutions, connective structures in-between the 
particles and between the particles and the pellicle were visible under SEM on enamel, titanium 
and PMMA surfaces. These connective structures were not visible on the ceramics samples, 
maybe due to the reduced quantity of hydroxyapatite particles on this surface after 2 h. Pepla et 
al. reported that nano-HAP could bind to proteins, biofilm, and bacteria due to their nanosized 
and consequently increased surface area (PEPLA et al., 2014). According to Vukosavljevic et 













hydroxyapatite crystals present on natural teeth, starting the acquired pellicle formation process 
(VUKOSAVLJEVIC et al., 2014). Therefore, one reason behind the adhesion of the synthetic 
nano hydroxyapatite particles to the pellicle could be the bonding properties of these pellicle 
components. However, detailed in vivo/ in situ studies are needed to clarify these relationships.   
After 2h of intraoral exposure, almost all samples presented scattered simple nano-HAP 
particles in contact with the pellicle outer layer. At the present date, the scarce in situ literature 
on this topic reported the presence of adhesion between the HAP particles and the enamel 
surface (HANNIG et al., 2013a; KENSCHE et al., 2017). But now it is possible to state that the 
adhesion of hydroxyapatite nanoparticles also occurs on other dental surfaces as well, such as 
titanium, ceramics and polymethyl methacrylate resin, opening a promising research field in 
preventive dentistry. 
 Considering the protocols 2 and 3, all the volunteers presented a similar pattern for 
bacteria adherence on all samples (Figures 51-54 and Figure 65). Cocci shaped bacteria were 
present in a higher proportion, but rods could also be seen, mainly in the 48-h experiment. This 
result agrees with the literature since gram-positive facultative cocci, rods, and Actinomyces are 
the main early colonizers on titanium surfaces and some filamentous rods can be found after 
one day of biofilm growth (STEINBERG et al., 1995; ZIJNGE et al., 2010). Furthermore, the 
morphological appearance of the bacteria found on ceramics, titanium, and PMMA samples 
was not different from the enamel samples. This is also in accordance with previous research 
being an indication that biofilm formation is similar on different surfaces (AL-AHMAD et al., 
2013; Hannig, 1999b). Observing the rough and smooth titanium surfaces used in protocol 3 
(Figure 64), there was no difference between rods and cocci proportions, but a difference in 
thickness and biofilm density was visible. Thus, the surface roughness had a significant 
influence on biofilm adhesion on titanium, which was also observed in previous studies (AL-
AHMAD et al., 2010; FOSTER, KOLENBRANDER, 2004).  
In protocols 2 and 3, volunteers used the intraoral splint for 24- and 48-hours, 
consecutively. The mature and complete acquired pellicle acted as a link between the material 
surface and the bacteria present in the intraoral environment due to specific adhesins receptors 
present on its proteins (HANNIG, JOINER, 2006). After this one-day period, a multilayered 
biofilm could be seen in SEM and TEM figures on most parts of the samples rinsed with water 
due to this pellicle-bacteria interaction (Figures 51-54 and Figure 56), and an even thicker 
biofilm was present after the 48 hours experiment on polished titanium samples (Figure 67 and 




Figure 69a). On the other hand, SEM micrographs show that the polished materials surfaces 
applied in this study were covered with a similar hydroxyapatite nanoparticles distribution and 
a smaller number of single bacteria and bacterial colonies was present (Figures 51-54 and 
Figure 56).  
One hypothesis is that the particle deposition would restrain the adhesion of bacteria to 
the acquired pellicle (Figure 71). Kensche et al. also proposed that the hydroxyapatite 
nanoparticles accumulated on the enamel surface could hamper the bacterial attachment to 
pellicle receptors by blocking cell wall adhesins from bacteria (KENSCHE et al., 2017). On 
Figures 51-54 and, more detailed, on Figure 55, it is possible to see that HAP interacts not only 
with the pellicle but also with the bacteria (PEPLA et al., 2014). The exact way of how these 
interaction works are not yet well documented. More studies on this relationship should be 







Findings from the TEM analysis of the 24-h biofilm indicate that the three HAP solutions did 
not affect the pellicle’s ultrastructure, showing similar characteristics as the regular pellicle formed 
on samples rinsed with water. These results are in accordance with the SEM and FM results since 
living bacteria were present in all samples from HAP solutions, but in an inferior amount than in 
water control samples. Thus,  these findings suggest that HAP is rather anti-adhesive than an 
antibacterial, in accordance with the findings from Kensche et al. (KENSCHE et al., 2017 ). On the 
other hand, TEM micrographs (Figure 56-60) indicated that the materials might have some influence 
on the pellicle ultrastructural characteristics, showing some differences in the basal and outer layer 
structure.  
Additionally,  control samples from protocol 2 rinsed with 0.2% chlorhexidine presented a 
thin biofilm layer and areas without or with dead microorganisms, endorsing the well-consolidated 
antibacterial properties of the gold standard chlorhexidine (JAMES et al., 2017). 
Figure 71 Illustrative scheme of hydroxyapatite particles blocking the pellicle–bacteria interaction. 
 




According to the SEM results of protocol 3, no visible difference in biofilm density was 
detected when comparing polished and non-polished samples rinsed with water. Some subjects had 
a slightly lower biofilm amount on polished samples; however, most Ti discs presented a complex 
and multilayer biofilm for both surfaces (Figure 66). These small variations in biofilm formation 
may be due to personal factors, such as salivary flow rate, saliva composition, or nutritional habits 
(MARSH, 2012). The biofilm could develop to advanced stages with bacterial coaggregation and 
co-adherence, because there were neither external factors like antibacterial or antiadhesive agents 
nor mechanical shear forces to disturb it (KRETH et al., 2009).  
SEM results (Figure 67) show a denser multilayer biofilm on non-polished samples rinsed 
with the HAP solution. Thus, HAP could not control the biofilm adhesion and accumulation on 
rough titanium surfaces. Even non-polished samples rinsed with CHX presented a significant 
number of bacterial colonies. Other in vivo studies have already reported this relationship between 
surface roughness and biofilm formation (AL-AHMAD et al., 2010; BOLLEN et al., 1997; 
BURGERS et al., 2010; NAKAZATO et al., 1989; QUIRYNEN et al., 1990; QUIRYNEN, VAN 
STEENBERGHE, 1989; RIMONDINI et al., 1997). Reasons behind these results are directly related 
to the titanium topography. The increase of titanium surface roughness is directly related not only 
to a higher rate of biofilm formation but also to better osseointegration (DO NASCIMENTO et al., 
2008; TEUGHELS et al., 2006).  
Increased roughness on titanium surface provides better adhesion of fibroblasts to the titanium 
substrate, establishing better osseointegration with substantial epithelial soft tissue seal around the 
implant (BOLLEN et al., 1996; QUIRYNEN et al., 1996). However, this irregular topography 
facilitates bacterial accumulation and colonization due to a larger surface for bacterial adhesion and 
retention areas (DHIR, 2013).  In an in vivo split-mouth and double-blinded clinical trial, Quirynen 
et al. (1990) evaluated the titanium roughness effects on biofilm formation. After the 6-days 
experiment, a positive relationship between surface roughness and biofilm accumulation was 
detected (QUIRYNEN et al., 1990). Wu-Yuan et al. (1995) examined, by an in vitro study, the oral 
bacteria attachment to Ti discs with different types of surfaces (smooth, grooved, or rough). Their 
results also pointed to a higher amount of biofilm on rough surfaces (WU-YUAN et al., 1995). To 
solve this problem, previous studies suggested a surface arithmetic mean roughness (Ra) threshold 
value of 0.2 μ. When Ra > 0.2 μ, the biofilm formation and accumulation rate is increased, whereas 
a Ra < 0.2 μ does not influence the bacterial adhesion but still supply an irregular surface proper to 
fibroblast adhesion (BOLLEN et al., 1996; BUSER et al., 1991; QUIRYNEN et al., 1996; RUPP et 




al., 2018). Therefore, to avoid or reduce initial bacterial adhesion and still ensure the 
osseointegration process, the implant systems should present specific surface characteristics for 
each interface. The implant area exposed to the saliva should be polished and smooth, whereas, on 
the implant-bone interface, a microroughness is required (AL-AHMAD et al., 2013; RUPP et al., 
2018).  
With SEM and TEM, it was also possible to confirm that hydroxyapatite particles are 
randomly distributed over the titanium surface (Figure 54 and Figure 68). HAP crystallites 
measuring 90 nm to 500 nm could be identified even 12 h after the last rinse. Previous studies had 
also observed the hydroxyapatite accumulation, but on enamel surfaces and not for so long 
observative periods (HANNIG et al., 2013a; KENSCHE et al., 2017). 
Therefore, according to the SEM and TEM qualitative analysis, all three HAP rinsing 
solutions reduced the amount of mature biofilm on polished enamel, titanium, ceramic, and PMMA. 
In contrast, on non-polished Ti surfaces rinsing with the HAP solution has no effect on the process 
of biofilm formation. Additionally, low surface roughness can minimize biofilm formation in vivo.  
5.2.2 Quantitative results 
Fluorescence microscopic results in this study demonstrated that application of CHX as a 
mouthwash presented the most effective bactericidal effects for both protocol 2 (Figure 50) and 
protocol 3 (Figure 63), significantly reducing biofilm vital cells on all tested surfaces compared to 
water and hydroxyapatite solutions, which is in accordance with previous literature (HANNIG et 
al., 2013a; HANNIG et al., 2013b; KENSCHE et al., 2017). This result is related to the 
chlorhexidine properties, such as bacteriostatic and bactericidal action, broad-spectrum activity 
and substantivity, which makes it the gold standard solution on reducing bacterial vitality and 
biofilm formation (HANNIG et al., 2013b; JONES, 1997; RIBEIRO et al., 2007). Comparing HAP 
solutions with water, common outcomes for protocol 2 and 3 were also found: there was no 
significant difference in viability between HAP solutions and water. Also, no difference in viability 
between each HAP solution in protocol 2 was found. Thus, both the water solution and the HAP 
solutions presented a majority of living cells in the FM micrographs. These data show that 5% 
hydroxyapatite watery solution had no anti-bactericidal effect, regardless of their size or 
configuration (KENSCHE et al., 2017).  
When the biofilm coverage was analyzed on polished samples (Figure 49 and Figure 62), FM 
confirmed a considerable reduction of biofilm formation even 12 h after the last CHX rinsing due 




to the substantivity of CHX (VARONI et al., 2012). A significant difference between water and 
CHX was detected in both protocols 2 and 3, which was an expected result between negative and 
positive controls. On the other hand, interesting results with regard to biofilm coverage are present 
when comparing the HAP solutions with CHX. In the 48-h protocol, HAP II was as effective as 
the CHX solution in reducing biofilm formation on polished titanium discs, with no significant 
difference between them (p > 0.9999). In the 24-h protocol, these same results were demonstrated 
for most of the HAP solutions and material samples. This indicates that oral rinsing with 5% HAP 
solution significantly reduces the number of bacteria adhered on enamel and on artificial dental 
surfaces. Similar results were already shown by Kensche et al. for enamel surfaces (KENSCHE et 
al., 2017).  
Therefore, the presence of a significantly small number but alive bacteria observed in FM 
investigations suggests that HAP has a rather anti-adhesive than an antibacterial effect, which is 
in accordance with the findings from Kensche et al. (KENSCHE et al., 2017). According to the 
scarce literature in this matter, the anti-adherent effect is related to the hydroxyapatite particles 
sizes. The size effect would facilitate the direct interaction with the bacteria, meaning that nano 
and micro hydroxyapatite particles can interact with adhesins on the bacterial membrane, reducing 
the bacterial adherence (PEPLA et al., 2014; VENEGAS et al., 2006). However, the three 
hydroxyapatite solutions used in this study had similar effects in reducing bacterial coverage. All 
of them were on the nanometer scale, presenting similarities on their particles’ size range. The 
other mechanism of action for HAP’s anti-adhesive properties suggested by Kensche et al. was 
already mentioned in the section above. The pellicle-bacterial interaction blockage by the HAP 
would reduce the amount of adhered bacterial and subsequent biofilm formation, as shown in this 
study results (KENSCHE et al., 2017). Furthermore, both mechanisms of particles accumulation 
and receptor sites inhibition could also be the reason for the slightly higher number of dead bacteria 
observed by FM after HAP solutions rinsing when compared with the water control. 
Another discussion point concerns the surface topography of the applied materials. The graph 
in Figure 49 shows that PMMA samples have a higher percentage of biofilm coverage than 
titanium, enamel, or ceramic specimens tested in protocol 2. This result is associated with the 
intrinsic porous structure of PMMA (Figure 54), which creates retention sites, providing bacterial 
accumulation (CHEN et al., 2017; SPASOJEVIC et al., 2015). In addition, because of its increased 
roughness, non-polished titanium discs applied in protocol 3 presented higher numbers of bacteria 
than polished samples, when rinsed with HAP or CHX (Figure 62 and Figure 67). This is in 




accordance with the literature, and the roughness factor was already discussed in the section above 
(DHIR, 2013). 
Despite being the gold standard solution for biofilm control, long-term use of CHX is not 
indicated due to its well-known side effects such as teeth staining, oral mucosal erosion, and 
transient taste disturbance (FLOTRA et al., 1971; LANG, LINDHE, 2015; QUIRYNEN et al., 
2001). On the other hand, after rinsing with the hydroxyapatite solutions, volunteers reported an 
acceptable taste and no side effects during the study. Furthermore, HAP mimics the dental enamel 
structure, and for being a biocompatible solution, side effects are unlikely to occur. Additionally, 
results suggested that HAP had anti-adherent but not anti-bactericidal effects, therefore, the tested 
solution is less likely to impact on the oral cavity homeostasis. Finally, the literature states that 
HAP particles are dissolved in the gastric fluid in case of ingestion, not being harmful to the human 
body (EPPLE, 2018). The results of this investigation point to pure hydroxyapatite mouthrinse as 




The pure 5% hydroxyapatite nanoparticles solution alone yielded a significant impact on 
biofilm formation under oral conditions on polished surfaces of enamel, titanium, ceramic and 
PMMA, representing a bioinspired approach for biofilm control. Due to anti-adherent 
properties, the HAP efficacy to reduce the biofilm coverage was comparable to 0.2% 
chlorhexidine on polished surfaces. In summary, the following conclusions: 
• HAP adhered to the pellicle formed on enamel, titanium, ceramics, and PMMA. 
• HAP may interact with proteins in saliva and with the acquired pellicle. 
• 5% HAP watery solution reduced the biofilm coverage on all tested, polished materials. 
• The different HAP sizes and morphology used in these experiments had no significant 
influence on its anti-adherent effects on titanium, enamel, PMMA, or ceramics.  
• 5% HAP watery solutions did not alter bacterial viability. 
• Surface topography influences the biofilm formation. 
Accordingly, the results of this investigation suggest the pure hydroxyapatite mouthrinse 
as a promising adjunct solution for biofilm management. However, the small number of 




subjects was a limitation of this study. Long term clinical trials with more volunteers, as well 
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Figure 12 Fluorescence micrograph: green areas highlighted with a circle represent the living 
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background (red) based on the tone of gray. (e) A new area is calculated based on this threshold.
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Figure 16 SEM micrographs at 20,000 (a) and 40,000-fold (b) magnifications from HAP I 
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white, which consist of single nanosized particles (white arrow). (b) Using the SEM 
measurement tool, it was possible to measure the size of single particles. It was visualized that 
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Figure 17 TEM micrographs at 68,000 (a) and 98,000-fold (b) magnifications from HAP I 
powder immersed in water solution. TEM provided the visualization of the particle shape. The 
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Figure 24 Illustration of PMMA resin preparation and further configuration after polishing. The 
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Figure 31 SEM micrographs at 5,000-fold magnifications of polished titanium samples after 
rinsing with HAP II. Hydroxyapatite clusters (white asterisks) and agglomerates (white circles) 
are visible at three different time-points: immediately (a), 30 min (b) and 2 h (c) after rinsing.  
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accumulate. (c) Bridge-like structures (white arrow)are visible connecting not only the HAP 
particles to each other, but also connecting the HAP particles to the proteins from the pellicle.
 .................................................................................................................................................. 55 
Figure 32 SEM micrographs at 5,000-fold magnifications of polished titanium samples after 
rinsing with HAP III. Hydroxyapatite single particles (white arrow), clusters (white asterisks) 
and agglomerates (white circles)  are visible at three different time-points: immediately (a), 30 
min (b) and 2 h (c) after rinsing. Micrograph “b” shows HAP III particles accumulated on 
retention areas (highlighted in red) from the titanium surface. The particles are over the globular 
2 h-pellicle layer. ...................................................................................................................... 56 
Figure 33 SEM micrographs at 10,000-fold magnifications of ceramic samples after rinsing 
with water. Pellicle structures are visible at three different time-points: immediately (a), 30 min 
(b) and 2 h (c) after rinsing. The progression of the pellicle formation is visible, and it is 
characterized by an increasing number of globular structures over time. ................................ 58 
Figure 34 SEM micrographs at 5,000-fold magnifications of ceramic samples after rinsing with 
HAP I. Hydroxyapatite clusters (red and white asterisks) and agglomerates (white circles)  are 
visible at three different time-points: immediately (a), 30 min (b) and 2 h (c) after rinsing. (a) 
Clusters bigger than 5 µm (red asterisk) are visible immediately after rinsing with HAP I on the 
ceramic surface. (b) After 30 min of rinsing, there were HAP particles aggregates (white circles) 
covering the ceramic surface. The particles are over the globular 2 h-pellicle layer. .............. 59 
Figure 35 SEM micrographs at 5,000-fold magnifications of ceramic samples after rinsing with 
HAP II. Hydroxyapatite, clusters (white asterisks) and agglomerates (white circles) are visible 
at three different time-points: immediately (a), 30 min (b) and 2 h (c) after rinsing. The presence 
of clusters was a common finding on ceramic surfaces immediately and 30 minutes after rinsing 
with HAP II (micrographs “a” and “b”). Adherent HAP particles decrease with increasing 
intraoral exposure time. ............................................................................................................ 60 
Figure 36 SEM micrographs at 5,000-fold magnifications of ceramic samples after rinsing with 
HAP III. Hydroxyapatite single particles (white arrow), clusters (white asterisks) and 
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